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delivers exceptional real time PCR results 
quickly and easily, 
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* Less Optimization: great for first 
screens. 
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® sensitivity with detection of as 
we iew as 10 copies. 


* Precise Quantification: 2-fold difference 
can be 
accurately 
detected 


* Fast: works 
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speed qPCR 
instruments 


Accurate detection of 2-fold difference, using 
'SYBR® Premix Ex Taq" with an Applied 
Biosytems 7500 Real Time System. 
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Assay technologies by QIAGEN 


® Gene expression assays 
1 Pathogen detection* 

© Genetic analysis 

= HLA and haplotyping* 


Sample & Assay Technologies 


Science 


SCIENCE EXPRESS 


www.sciencexp: 


PLANT SCIENCE 

AG Protein~Coupled Receptor Is a Plasma Membrane Receptor 

for the Plant Hormone Abscisic Acid 

X Liu, ¥ Yue, BUY Nie, W. Li, WH. Wu, L. Ma 

‘Amembrane-bound receptor for abscisic acid is Wentifed 
10.1126/science.1135882 


PERSPECTIVE: A Plant Receptor with a Big Family 
E, Grill and A, Christmann, 
10.1126\science.1140761 


PLANETARY SCIENCE 
Spin Rate of Asteroid (54509) 2000 PHS Increasing Due 

to the YORP Effect 

PA Toylor etal 

Slowing of near-Earth asteroid (54509) 2000 PHS is as expected for solar thermal 
torques as predicted by the YORP effect 


10.1126/science.1139038 


PLANETARY SCIENCE 

Direct Detection of the Asteroidal YORP Effect 

5. C. Lowry et al. 

Optical and radar observations of a near-Earth asteroid show thatthe radiation 

pressure from impacting sunlight is slowing its rotation, as predicted. 
10.1126iscience,1139040 


BREVIA 


PHYSICS 
Room-Temperature Quantum Hall Effect in Graphene 
K. 5, Novoselov et al 

The quantum Hall effect, usualy seen near O degrees kevin, occurs at 
oom temperature within single graphene sheets, in which the charge 
Carriers behave as massive relativistic particles. 


379 
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PHYSICS 
An Intrinsic Bond-Centered Electronic Glass with 
Unidirectional Domains in Underdoped Cuprates 

¥. Kohsaka etal 

Two families of cuprate supercanductors are shown to share a 
‘common electronic superstructure that may be the precursor phase 
to the onset of superconductivity, 
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MATERIALS SCIENCE 
‘Super Plastic Bulk Metallic Glasses at Room 
Temperature 

YH, Livetal 

Tuning the composition and elasticity of zitconium-based metallic 
‘lasses tus these usually brite glasses into superplastic materials 


1385 


PHYSICS 
Quantum Hall Effect in Polar Oxide Heterostructures 
A. Tsukazoki et al. 

The quantum Hall effect, usually seen in semiconductors, is now also 
Seen ina layered zinc-magnesium oxide. 


1388 


CHEMISTRY 
‘AMolecule Carrier 
KL. Wong etal 
Jn a motecular conveyor, CO, can be caried across a copper surface 
‘on anthraquinone molecules (which diffuse linearly, not isotropically) 
‘and then can be unloaded atthe end. 


1391 


CHEMISTRY 


‘Multifunctional Encoded Particles for 1393, 
High-Throughput Biomolecule Analysis 

D.C Pregibon, M. Toner, PS. Doyle 

Via lithography a microfluidic device can synthesize particles 

with identifiable codes and detection reagents to generate 
‘multifunctional screens for genetics or ches 

ATMOSPHERIC SCIENCE 

Inverse Relations Between Amounts of Air Pollution 1396 


‘and Orographic Precipitation 
D. Rosenfeld et al 

Measurements over several decades in central China show that air 
pollution has dramatically reduced precipitation from ascending air 
masses in hilly regions. 


CONTENTS continued >> 


9 MARCH 2007 


CONTENTS fe 


1327 


Science 
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IMMUNOLOGY 
Autophagy-Dependent Viral Recognition by 1398 
Plasmacytoid Dendritic Cells 

HK. Lee etal, 

‘An unexpected function of autophagy (cellular sel-digestion sto 
"nite RNA from infecting viruses with immune recognition molecules 
{0 trigger innate immune defenses 

>> Perspective p. 1376 

BIOCHEMISTRY 

Structural Insight into the Transglycosylation Step 1402 
of Bacterial Cell-Wall Biosynthesis 

AL Lovering, LH. de Castro, D. Lim, N. C.J. Stynadka 

The crystal structure of an enzyme essential for bacterial cell wal 
synthesis wil allow structure-based design af new antimicrobial 
agents 

>> Perspective 2373 

MOLECULAR BIOLOGY 

Dynamics of Replication-Independent Histone 1405 
Turnover in Budding Yeast 

MF. Dian et al. 


Histone Replacement Marks the Boundaries of 1408, 
cis-Regulatory Domains 

¥. Mito, J. G. HenikoffS. Henikoff 

Regions of chromatin that are eigeneticalty silenced and highly 
‘equated ae coated with histones that rapidly bind and release 

the ONA, 

CELL BIOLOGY 

Anaphase Onset Before Complete DNA Replication 1411 
with Intact Checkpoint Responses 

J. Torres Rosell eta. 

‘Unexpectedly, yeast—a widely used organism for cell cycle studies— 
oes not have a mechanism to prevent cll disionf DNA replication 
fsstl incomplete. 

>> Perspective. 1374 

EVOLUTION 

From Swimming to Walking with a Salamander Robot 1416 
Driven by a Spinal Cord Model 

A.J. lispeert, A. Crespi,D. Ryczko, JM. Cabelguen 

‘Asimple circuit that controls swimming ina robotic salamander can 
be converted o one that generates realistic walking bythe ation 
of local circuits for ib osclaton. 

> News story p, 1352 


MVAAAS 


EVOLUTION 
Ecological Speciation in South Atlantic 1420 
Island Finches 

P.G. Ryan, P. Bloomer, C. L. Moloney, I. J. Grant, W. Delport 
Finch population on two Trstan sands have independently evolved 
‘nto mo species, each with properties attributable to ecological 
ferences between the two islands. 

PLANT SCIENCE 

Coupling Diurnal Cytosolic Ca?* Oscillations to the 1423 
CAS-AP, Pathway in Arabidopsis 

RoW. Tong et al. 

‘An interplay of signaling pathways monitors and controls the 

diurnal hythm in intracelilar calcium in plant cls, responding 

10 soit calcium levels and transpiration. 

NEUROSCIENCE 

‘Odor Cues During Slow-Wave Sleep Prompt 1426 
Declarative Memory Consolidation 

B. Rasch, Bichel 5. Gais, J. Born 

Jn humans, a new memory formed in the presence of an odor is 
consolidated faster when the odor i sed 1 induce neural activity 
Jn the hippocampus during subsequent sleep. 

>> New ory. 2360 
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Expression Proteomics // Tools for Protein Separation and Analysis wwwexpressionproteomics.com 
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Fractionation just got simpler. 


Fractionation is an essential step for increasing protein resolution in 
proteomic workflows. By fractionating, you reduce your sample complexity 
and enrich low-abundance proteins, both of which are central to biomarker 
discovery. Bio-Rad offers the MicroRotofor system for fractionation of 
proteins prior to most downstream proteomic applications, including 

2-D gel electrophoresis and LC-MS/MS analysis. 


= Handles small volumes (~2.5 mi) of precious samples 
= Is compact and easy to use 


* Separates proteins by liquid-phase isoelectric focusing 


= Fractionates complex protein mixtures under native and 
denaturing conditions 


‘MicroRiototor system 


* Offers customizable pH gradients to further enhance 
resolution of proteins of interest 


For more information, visit us on the Web at www.bio-rad.com/microrototor/ 
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at discover.bio-rad.com 
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Ina South American bied, the alpha male always ge 
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Dodging a Warming Bullet 
Banning CFCs has removed a whole lot of gree 


potential from the atmosphere 
Submarine to Search for Early Americans 
Expedition will look for traces of long-drowned salt mines 
in Gulf Coast 
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PERSPECTIVE: Flux at Focal Adhesions—Slippage Clutch, 
‘Mechanical Gauge, or Signal Depot 

¥. Wong 

Why do various focal adhesion proteins undergo different de 
of correlated retrograde movement with actin filaments? 


REVIEW: The Expanding Role for ITAM-Based Signaling 
Pathways in Immune Cells 

CL Abram and C.A. Low 

Activation of immune cells by many different re 
on ITAN-based signaling, 
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from New England Biolabs 
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Electronic Superstructure 
and Superconductivity 


The cuprates that exhibit high-temperature super 
conductivity (HTSO) are formed from parent ant 
ferromagnetic insulators by chemical doping, 
which removes electrons from the CuO, planes, 
Most HTSC theories have focused on the transition 
{rom antiferromagnetic to superconducting states, 
and the effects of only lightly “hole doping” the 
materials have often been ignored. Kosaka et 
al, (p. 1380, published online 8 February; see the 
cover and the Perspective by Zaanen) present 
scanning tunneling spectroscopy measurements 


for two families of underdoped cuprate supercon 
ductors with different lattice structures that reveal 
‘a common electronic superstructure in both mate 
rials. The authors argue thatthe electronic super 
narrow stripes with a spa 
of four unit cells, is an intrinsic prop. 
erty of the cuprates and is the precursor parent 
phase to the onset of superconductivity. Th 

results suggest that superconductivity in the 
cuprates emerges with increasing hole doping as 
electrons become delocalized from the intrinsic 
bbond-centered electronic glass. 


Quantum Hall Effect in 
Metal Oxides and Graphene 


The quantum Hal effect (QHE) in which the resist: 
ance of a two-dimensional electron gas varies by 
precisely quantized steps in response 

toa magnetic field, has generally been confined 
tohigh-quality, high-mobility semiconductors 

al cyogenic temperatures. Tsukazaki et al. 

(p. 1388, published online 25 January) now 
report the observation of the QHE in an oxide 


EDITED BY STELLA HURTLEY AND PHIL SZUROMI 


<< Flow the Codes 


Ideally, molecular screening should allow for the simul- 
taneous analysis of many molecular targets. Pregibon 
et al. (p. 1393) used microfluidics and lithographic 
masks to create flat particles with lateral dimensions of 
~100 micrometers and thicknesses of about 30 micro- 
meters. One half of each particle bears a distinct fluores 
cent barcode (out of more than 1 million possible 
codes); the other half bears a probe for target binding 
After incubation with a sample, a flow-based analysis 
system then scans each particle via single-wavelength 
fluorescence for its code and evidence of bound target. 
Fluorescently labeled DNA targets could be detected at 
the 500-attomole level, 


heterostructure grown from layers of 270. leads to less frequent coalescence into raindrops 
Mg.Zn, ,0. Novoselov et al. (p. 1379) report the | and less precipitation. Ths effect is thought to 
‘observation of the QHE in graphene sheets at room | account for decreased orographic precipitation, in 
temperature, These results present the possibility of | which rainfall is caused by the upward deflection 
combining quantum Hall physicswith the versatile | of an air mass by a ridge or a mountain, but this. 
inthe emerging graphene sheet | eflect has not been tested against actual data on 
erspective by Ramirez) ‘aerosol concentration and precipitation. Rosen 
feld et al. (p. 1396) analyze a 50-year long 
record of aerosols and precipitation from central 


system (see the 


Increasing Plasticity of | Shares seal 
Metallic Glasses much orographic precipitation as did clean ait 


Bulk metallic glasses (BMGs) hold much promise 
because of their high strengths, but suffer from 


brittle fracture through the formation of shear Eat Up to Meet Up 


bands. This mode of failure is not desirable in Different members ofthe Toll-like receptor (TLR) 
most applications because there is litle warning | family have evolved to recognize the distinct sig 
of the impending material failure. Liu et al. natures left by pathogens, including the single: 
(p. 1385) report observations of large compres- | stranded (ss) and double-stranded nucleic acid 


sive plasticity of >150% obtained in several zirco- | genomes of viruses. In the case of plasmacytoid 
nium-based BMGs at room temperature as a result | dendritic cells (pDO, detection by TLRs culminates 


of highly controlled tuning of the ina program of gene 
alloys’ composition. The materials activation that helps 
develop a two-phase microstruc these cells prime anv 
ture that includes “strongly raladaptive immune 
bonded regions” separated by responses, The response 
narrow “weakly bonded regions. to some viruses, such as 
Athough shear banding appears influenza, is achieved 
to be initiated in the weakly without the need for 
bonded regions, the strongly replication of pDC, 
bonded regions at to prevent the further growth | which makes the process of immune activation 

of the bands tess dependent on direct infection of pDC. How 


ever, Lee et al. (p. 1398, published online 1 Feb: 
ruary; see the Perspective by Rels e Sousa) show 


High and Dry that for RNA viruses that generate replication 
Particulate ar pollution can provide many more | intermediates in the cytosol, a direct indicator of 
nucle for forming cloud droplets compared to | viral replication is needed. In such cases, 
tunpolluted air. The increased numberof cloud | autophagy—the sequestering of organelles and 
droplets that form decreases ther size, which Continued on page 1335 
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long-lived proteins for deivery tothe lysosome for deoradation—helped unite ssRNA and its TLR sens- 
ing protein in the lysosome. Is not clear if this link between autophagy and innate recognition repre 
sents a broader means of facilitating immunity to pathogens. 


Toward Antibacterial Development 


The bacterial cell wall is built by glycosyltransferase (GT) and transpeptidase (TP) enzymes. Penicillin 
‘and related antibiotics act on TP enzymes, but bacterial resistance is developing against these anti 
biotics. GT enzymes are an attractive target 
for new drugs because they are essential 
and are membrane bound and thus 
accessible. Lovering et al. (p. 1402; see 
the Perspective by Wright) have deter 
mined the crystal structure of penicillin 
binding protein 2, a bifunctional enzyme from 
Staphylococcus aureus that contains both a 
GT and a TP domain, Structures with and 
without the inhibitor moenomycin bound in 
the GT domain provide insight into the mechanism of cell-wall biosynthesis and provide a starting 
point for structure-based design of antibacterials. 


Checkpoint, What Checkpoint? 


Cells use biochemical signaling mechanisms known as checkpoints to monitor the status ofthe cell so 
that cel division only occurs when conditions allow for successful mitosis. One such checkpoint allows 
ell division to occur only if DNA replication is complete and no active replication forks are present. 
However Torres-Rosell et al. (. 1411; see the Perspective by Weinert) describe experiments in 
‘Which uncompleted replication of ribosomal DNA (rDNA) genes does not prevent cells from proceed 
ing into anaphase. Thus, at least in the scenario studied in which yeast bear mutations in the genes 
‘encoding the Smc5 and Smcé proteins (which function as a heterodimer in DNA repair, the delayed 
replication of rDNA did not trigger a checkpoint that blocks progression of the cells into mitosis. 


Robotic Salamander 

The locomotion of the salamander provides an opportunity to connect research on vertebrate swim: 
ming (such as in the lamprey) to research on tetrapod locomotion. Iispeert et al. (p. 1416; see the 
‘news story by Pennisi) develop a theoretical model to show how a lamprey-like system can be 
‘extended to explain salamander locomotion. The model explains the transition from traveling to 
standing waves of body undulations, the automatic switch from one mode of locomotion to the other, 
the coordination between limbs and body during watking, and the control of speed and direction. To. 
validate the model, the authors bul a salamander tik robot capable of producing (and switching 
between) swimming, serpentine crawling, and walking gaits. 


Regulating Calcium in Plants 

In Arabidopsis, the concentration of intracellular calcium fluctuates in a daily cycle, above and beyond 
other responses to signaling inputs. Tang et al. (p. 1423) have now analyzed the interactions between 
intracellular and extracellular calcium concentrations, and various signaling components in between, to 
arrive at a complex view of calcium physiology in the plant. Not simply a passive reflection of external 
calcium status, the calcium levels within a resting cell are actively monitored and managed. 


Smell, Sleep, and Memory Consolidation 
‘The evocative nature of smell is well known, but can smells actually enhance memory retention? 
@ Rasch et al. (p. 1426; see the news story by Miller) examined in humans whether memory consolida- 
tion is actively assisted by slow-wave sleep. Subjects were first trained on an object-place association 
i task in the presence of a distinct odor. During subsequent slow-wave sleep, this odor was reintroduced 
to facilitate reactivation of memories from the paired associate task. Odor application led to 
& enhanced activity in the hippocampus. Subjects who experienced the odor during slow-wave sleep 
performed better on an episodic memory retention test on the subsequent day. 
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Environment Meets Health, Again 


THE SEEMINGLY INSURMOUNTABLE HEALTH CHALLENGE IN THE 19TH CENTURY WAS 
infectious disease. In the 21st century it will be a mix of global warming, poverty, and 
infectious and chronic diseases. Life expectaney in the United States is now twice that of 
the 19th century, and environmental health—healthier food, cleaner water, better places to 
live (the “built environment”)—has been the greatest contributor. Can environmental 
health address 21 st-century challenges? 

Environmental health in the 19th century was practiced by physicians and scientists, 
but, importantly, also by business people, engineers, lawyers. architects, politicians, and 
many others outside health and science. The primary tools for health improvement were 
infrastructure and sanitation. For example, it was Frederick Law Olmsted, the man behind 
urban landscapes like New York City’s Central Park, who headed the Sanitary Commission 
during the Civil War that saved thousands of lives. 

Over the past 50 years, environmental science and practice have 
become specialized but also fragmented. The US. Environmental Pro: 
tection Agency, which was created largely out of federal health pro- 
grams in 1970, foes es related to 
air and water pollution, as well as species and land protection. Mean- 
while, environmental health practitioners in local agencies hunkered 
down to enforceable and fee-supported activities like food service 
inspection. And environmental health scientists increasingly empha- 
sized mechanisms of toxicity or illness within biological systems. 

This separation ed to decisions where a solution for one problem 
ated unexpected collateral effects: the chemical MTBE that was added to 
gasoline to prevent air pollution caused groundwater contamination; 
flame retardants required in consumer products turned out to be human 
milk contaminants and carcinogens. Today, environmental health in the United States is vested in 
many agencies, not just those tited Environment or Health, but also Transportation, Education, 
Housing, Energy, Agriculture, and Defense. Each has its critical primary mandate, buteach influ- 


‘ences essential elements of the requirement to protect health and the environment. The complex 


challenges of the 21st century cannot be met by a set of stovepipesas disconnected as the 

‘Can we fix the present system? Two illustrations, one historical and the other emerging. lend 
hope. The first was the success of the focus on children's environmental health in the 1990s, The 
Food Quality Protection Act of 1996 required that children’s health be the benchmark for deci- 
sions on allowable levels of pesticide residues in food, the tenet being that protecting the most 
‘exposed and sensitive in the population protects everyone. At the L0th anniversary of this Act, 
‘one-thind of pesticide tolerances have been revoked. Recognizing the improvements that a 
dren’s health initiative could bring about, President Clinton ordered that all agencies develop 
strategies to improve the health of children, and mandated twice-yearly cabinet-level meetings 
to make it happen. After a cautious and questioning start, each agency recognized that it had 
large impacts on children’s well-being, for example, Transportation in terms of safe routes to 
schoo! or Housing in terms of indoor air quality. Several important efforts, including the pro- 
posal for the National Children’s Study. grew out of this initiative. 

The second example is more contemporary. Public health leaders are asserting—as had 
leaders 130 years earlier—that the built environment profoundly influences health, The focus 
this time is not urban tenements, but rather the fragmented and sprawling communities that 
foster car dependency. inactivity. obesity, loneliness, fossil fuel and resource consumption, and 
environmental pollution. Concern about the built environments effects on health has caught 
fire, with joint health and urban-planning conferences and strategy sessions, pending legisla- 
tion, and an increasing number of new scientific studies. Disciplines long estranged from 
health issues—planners and architects, environmentalists, even builders and developers—are 
becoming engaged. Itsagood time to spread ownership of health and environment challenges. 
The challenges of the 21st century will require leadership and collaboration. It worked in the 
19th century: it can work today. 


-Richard J. Jackson 
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ENVIRONMENTAL MICROBIOLOGY 
Colorful Coexistence 


The diversity of plankton in lakes is surprisingly 
high, and even an apparently uniform Looking 
body of Lake water can offer many ecological 
niches, depending on the scale of the ebb and 
flow of water masses, nutrients, temperature 
(gradients, and so on, Huisman etal, have now 
shown that changing degrees of light penetration 
also provide niches. Ina study ranging from the 
‘open ocean to landlocked ponds, the authors 
found that red picoplankton (absorbing green 
Aight) dominate in clear blue waters and gre 
types (absorbing red light) dominate in peaty 
‘brown turbid lakes. A model for competition 
between red- and green-light-absorbing pico 
‘cyanobacteria in diferent light fields correctly 
mirrored nature: Along a gradient of increasing 
turbidity, red picoplankton are replaced by green, 
and where turbidity is intermediate, both types of 
picoplankton can coexist. Moreover, changes in 
the population density ofthe plankton itself will 
affect ight absorbance and result in competitive 
exclusion of the reds by the greens. — CA 

Ecob Let, in press 


inmunotosy 
Tumor-Tunneling T Cells 


T cell responses begin inside the lymph nodes 
and spleen, and considerable headway has, 
been made in monitoring how these immune 


1 EDITORS’ CHOICE 
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cro.ocy 
Washing Soils Away 


Soil erosion and land degradation are serious threats to developing countries, 
'Not only do they diminish food security and threaten terrestrial ecosystems, 
but they also cause substantial damage to near-shore marine environments, 
As the causes and extent of soil erosion are explored with an aim toward com- 
‘ating the problem, historical records are needed to place modern rates in 
perspective. Fleitmann et al. document how erosion has affected East Africa, 
2 region particularly vulnerable to the loss of fertile soil, by analyzing a 300- 
year-long record of Ba/Ca ratios in corals found off the coast of Kenya, These 
ratios serve as a good proxy for sol erosion because most of the Ba flux to the 
seawater stems from river discharge at the location where the samples were 
‘acquired. Shortly after the year 1900, Ba/Ca ratios began to increase steadily 
‘beyond their comparatively low values in the preceding 200 years; the initial 
increase could be due to British settlement of the fertile highlands of Kenya 
around that time. if effective soil conservation policies are not instituted, the 
situation will probably worsen in the future because of the country's growing 
population, leading to more intensive land use, as well as the increased rains 


Cells behave at these sites through live intravi 
tal imaging techniques. A natural extension of 
this is to visualize how activated T cells conduct 
themselves once they've migrated to inflamed 
tissues, or tumors. 

Boissonnas et al, have combined immuno: 
fluorescence with intravital microscopy to fol 
low cytotoxic T lymphocytes (CTLs) as they 
destroy tumors in vivo. Tumor cells were inocu 
lated into mice at two separate sites, but with 
those at only one site engineered to express 
antigen to which T cells could respond. 
Although the solid tumors that formed at both 
sites became infiltrated with T cells, this pre 


dominated in the antigen-expressing tumors. 
The behavior of the infiltrating T cells was also 
‘measurably different, with those in the antigen: 
bearing tumor displaying strong signs of act 
vation and distinct migration patterns. in par 
ticular, the tumor-reactive CTLs initially dis: 
played diminished motility, which they 
regained as tumor cells were killed off. These 


expected with global warming. — H)S. 


Geophys. Res. Lett. 34, 104401 (2007), 


Tis also burrowed more vigorously into the 
tumors that expressed antigen. It will now be 
interesting to determine if similar behavior 
‘occurs in other tumor settings (lor example, 
where less potent antigens are expressed) or 
nonmalignant tissues where CTs also mediate 
cellular destruction (for example, in autoim: 
mune diseases). — 5] 

1. Exp, Med, 208, 345 (2007) 


ASTROCHEMISTRY 
The Sun Reflected in Osbornite 


Knowing the chemical composition of the solar 
nebula is critical for understanding how the Sun 
and planets condensed from a cloud of gas, and 
for making benchmark comparisons as solar sys 
tem materials are reprocessed in the solar wind 
and planetary atmospheres. However, although 
the Sun contains 99.8% of the mass in the solar 
system, its composition remains unclear. 
‘Meibom et ol. argue that analysis ofa rare 
mineral in a meteorite has allowed accurate 
inference of solar nebula nitrogen and carbon 
isotope ratios. A speck of osbornite (TIN bearing 
some trapped TiC) was spotted in a calcium-alu 
mminnum-rich inclusion within the carbonaceous 
chondrite meteorite Isheyevo, which has been 
little altered since its formation. The osbornite is 
produced at very high temperatures (~2000 K), 
0 must have formed by gas-to-solid condensa 
tion in the solar nebula without changes in the 
Continued on page 1341 
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isotopic composition. As supporting evidence, 
the measured #C/C ratio of 0.01125 = 
(0.00008 (16) is consistent with the isotope ratio 
of carbon in the solar photosphere, and the 
ISN/AN ratio of (2.356 + 0.018) x 107 matches 
the nitrogen composition in Jupiter's atmosphere 
and in the interstellar medium, — JB. 

Astrophys.) 656, 133 (2007). 


ECOLOGY/EVOLUTION 
Sowing Seed Far and Near 


‘Although a great deat is known about the quali 
tative aspects of seed dispersal by animals 

(For example, which species feed on particular 
plants and disperse their seeds), the quantita 
tive study of seed dispersal is still in its infancy. 
For example, the relative roles of different ani 
imal species in dispersing seeds over different 
distances are unclear. Genotyping techniques, 
‘coupled with detailed field observations, are 
beginning to yield results. Jordano et al. 
assessed the relative contributions of large 
birds, small birds, and fruit-eating mammals to 
the dispersal of seeds of Prunus mahaleb, a 
‘common fleshy-fruited tree in southern Spain, 
by genotyping seeds in fecal pellets and match: 


Prunus mahaleb in fruit. 


ing them to genotypes of parent trees 
Although dispersal distance correlated fairly 
well with increasing size of animal, only a small 
subset of larger species made significant contri 
butions to longer-distance dispersal over sev: 
eral hundred meters. Loss of these critical 
species or fragmentation of habitat could thus 
have disproportionate effects on plant dispersal 
and gene flow, — AMS 

Proc. Natl Acad. ci USA. 104, 3278 (2007) 


CHEMISTRY 
AUniversal Suitcase 

In biochemical environments, amphiphitic mot 
ecules form bilayer vesicles that can stabilize 


polar molecules in their interiors while encap- 
sulating nonpolar guests inside the hydropho: 


EDITORS'CHOICE 


AAAS Travels 


bic walls. Radowski et ol. sought to mimic this 
Universal carrier ability ina synthetic molecular 
assembly by fabricating a spherical mult 
shelled structure from three inexpensive com 
mercially available building blocks. For the 
core, they used hyperbranched poly(ethylene 
imine) (PE, which was appended to alkyl 
diacid segments that in turn were capped by 
monomethy| poly(ethylene glycoD. The chain 
lengths of all three components were varied to 
‘optimize transport properties for guests of 
widely ranging polarity in water, ethanol, chlo 
roform, and toluene. Uptake of the guest mole 
cules (which included an array of drugs, vita 
mins, and dyes) was substantially enhanced by 
using a large PEI core and long (C.g) alkyl 
diacid. Dynamic light-scattering measurements 
revealed that the macromolecules form aggre 
gates that enhance their transport capabilities. 
The aggregates, which expanded with linear 
‘guests but contracted with globular ones, were 
highly robust, proving stable to filtration and 
chromatography and persisting in solution for 
more than a year. — MSL 

‘Anges. Chem. int. Ed. 4, 1265 (2007). 


MOLECULAR BIOLOGY 
Dicing Triplets 


Dicer, the endoribonuclease enzyme at the heart 
‘of RNA interference (RNAI), cleaves double 
stranded RNA (dsRNA) and RNA hairpins to form 
small interfering RNAS (SIRNAS) and microRNAS. 
(miRNAs), The imperfect base-pairing of miRNA 
precursors requires that Dicer be fairly tolerant 
‘of mismatches in its substrates, and this in turn 
means that any RNA sequence that forms a pass 
ably presentable double helix can become a 
Dicer substrate. 

Genes of the class of triplet-repeat expansion 
diseases, including Huntington's disease, con: 
tain stretches of CNG trinucleotide repeats that 
are dramatically expanded in afflicted individu 
‘als. Both the normal and expanded repeats are 
able to form hairpins in the messenger RNA 
(mRNA) in vitro. Are these repeats also substrates 
for Dicer? Krol et a. show that in vitro, Dicer can 
speciticaly cleave longer CNG hairpins both in 
isolation and in the local sequence contest of 
mutant mRNAs. Furthermore, comparing mRNAs 
with normal and expanded repeats in cells from 
patients, Dicer selectively reduces the levels of 
mutant transcripts bearing the expanded num 
bers of repeats, generating siRNAS ("siCNGs") 
that can trigger further rounds of cleavage. The 
same effect can be achieved by the introduction 
‘of exogenous siCNGs, suggesting possible thera 
peutic interventions based on RNAi-driven selec: 
tive knockdown of the mutant mRNAs. — GR 

‘Mol. Cell25, 575 (2007). 
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Bird Flu Futures 


Will North America have is first confirmed case 
of avian influenza before July? Health agencies 


can't answer such questions. But they may gain a 
much better sense ofthe bird flu menace thanks 
toa project at the Univesity of lowa that lets 
experts place bets on how the disease wil spread 
With a 5250,000 grant from the Robert 
Wood Johnson Foundation, the university wil 
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A 21st Century Beagle 


To celebrate the 200th anniversary of Charles Darwin's birth, a pair of Brits have 
gotten together to build a working replica of HMS Beagle, the ship that bore Darwin 
‘around the world. 

The HMS Beagle Project Wales, founded by David Lort-Phillips, a Welsh farmer, 
and British environmental writer Peter McGrath, intends the ship as a sailing 
classroom and laboratory. Identical to the original on the outside, the 56.4 million, 
privately funded ship will be furnished with 21st century navigation, safety, and 
Communications equipment 

For its First voyage, the replica, crewed by 30 scientists and sailors, will ail around the 
world following the path of the original Beagle in the 1831-36 voyage that inspired 
Darwin's On the Origin of Species. After that, scientists will be able to use the new Beagle 
for research, primarily on climate change, says McGrath, One project he is considering is 
using the Beagle’s logs to compare the climate of the 1830s with that of today. Broadcasts 
‘of experiments as well as lectures will be available to labs and classrooms around the 
world via an as-yet-unbuilt Web site 

The project is intended to put some “awe back into science* and attract more young 
people to the field, says McGrath: "We need touse props like the Beagle to get their pulses 
to quicken.” Construction is to begin early next year in Mitford Haven, Wales 


off to 
agc 


bought. The game is limited to experts who are 
members of ProMED, the disease-monitoring 
network ofthe Intemational Society for 
Infectious Diseases. 

“From our perspective, it's very innovative 
and exciting,” says ProMED Editor Lawrence 
C Madotf of Harvard Medical School in Boston, 
who hopes to enroll about 100 players (see 
fluprediction.uiowa.edu). University of lowa 
physician Philip Polgreen says the lowa 
Electronic Markets, which began in 1988 by pre: 
dicting the outcomes of presidential elections, 
started selling flu futures forthe state of lowa 
2 years ago. Polgreen says despite the tiny prof 
its—winners can gain only about $100—the 


Scientists keep a close eye on Vesuvius, one of 


‘project decided to dealin dollars because 
“there's a sense that people take less extreme 
positions” if real money is involved, 


<< When Molecules Meet 


= Webs of interconnected proteins and genes 
+ keep cells running. To explore these net- 
‘works, visit BioGRID from molecular biol 
F* gist Michael Tyers of the Samuel 
= Lunenfeld Research Institute in Toronto, 
Canada, and colleagues. 
Stowed here are all known genetic and protein 
“sx interactions in budding yeast, along with partial lists 
"for humans, nematodes, and fruit flies—more than 
167,000 associations in all. Curators glean data from 
rome the literature and update the collection monthly. Each entry 
‘maps the liaisons of a particular protein or gene and summa 
rizes the experimental evidence for each association. Above, the interaction network for the 
enzyme Cdc14, which controls the exit from mitosis. >> wirnthebiogrid.org 


wewwscien: 


the world’s most dangerous volcanoes, which 
looms over the Bay of Naples. When it erupted in 
79CE, it caused thousands of deaths. A similar 
eruption today would be far worse: More than a 
half-million people now tive in the “Red Zone,” 
a designated evacuation area around the vol- 
cano. Researchers headed by Augusto Neri at 
the National Institute of Geophysics and 
Volcanology in Pisa, Italy, have now completed 
what they say are the most detailed 3D simula- 
tions yet of just how things might unfold. Above 
is an image from a medium-scale eruption sce- 
nario involving “partial collapse” ofthe volcanic 
column. The two gray clouds represent pyroclas- 
tic density currents—avalanches of hot gases, 
ash, and rock—700 seconds after the onset of 
the collapse. The simulations are described in 
the 27 February Geophysical Research Letters, 
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Yes, it can happen to you: 


Hf you're a young scientist making inroads in neurobiology 


research, the next Eppendorf and Scie/ 


Neurobiology could be yours! 


This 


annual research prize recognizes accomplishments 


In neurobiology research based on methods of molecular 
and cell biology, The winner and finalists are sel 


cted by 


a committee of indey 


entists, chaired by the 


Editor-in-Chief of Science. Past 


clude 


post-doctoral scholars and assistant professors. 


To be eligible, you must be 3 


years of age or you 


It you're selected as this year’s winner, you will rece’ 


$25,000, have your work published in the prestigious journal 


‘Science and be invited to visit Eppendorf in Hamburg, ¢ 


Get recognized! 


www.eppendorf,com/prize 
www.eppendorfscienceprize.org 


& Science 
PRIZE FOR 
NEUROBIOLOGY 


MONEY MATTERS 
PUBLIC HEALTH INC. The founder of the 
world’s largest pharmaceutical data services 
company and his wife have pledged $50 mit 
lion to the institution at which he began his 
academic career, Biostatistician Dennis 
Gillings, who once 
served on the fac 
ulty of the School of 
Public Health at the 
University of North 
Carolina, Chapel 
Hill, and now heads 
Quintiles Trans 
national, wants 
school to stimulate 
innovation on key 
local and global 
health challenges. In recognition of the gift, 
the school has been renamed the Dennis and 
Joan Gillings School of Global Public Health 
The school's dean, Barbara Rimer, says 
the funds will be used to start an endowment 
that will support “innovation laboratories” to 


space flight 


They Said It.. 


“also want to show that people need not be limited by physical hand- 
icaps as long as they are not disabled in spirit.” 


—Physicist Stephen Hawking, who has Lou Gehrig’s disease, on why he wants to take 3 
zer0-gravity flight this April. He says his primary reason is to encourage public interest in 


Movers 


PERU RISING. Iviu 


archacol 
archa 
keep his PUCP post, suce 

Ghezzi belongs toa 


ists who are gainil 
Peruvians have 
since the da 
rt 


din 
00-9 


sys, is le 
study of 


work on issues such as access to drinking 
water and efficiency of clinical trials. “There 
must be a faster and maybe safer way [to 
conduct trials}, particularly where our com- 
puting power can come in,” Gillings says. 
The school hopes to foster the use of “busi 
ness practices so that the discoveries Imade 
by the labs] can be disseminated,” Rimer 
adds. “There are too many good discoveries 
in public health that sit on shelves.” 


INSIDE GOVERNMENT 
FUSION HEAD. Raymond Fonck is the new 
head of the Office of Fusion Energy Science 
at the U.S. Department of Energy (DOE) 
Fonck, who earlier this year became chi 
scientist of the U.S. project office for the 
International Thermonuclear Experimental 
Reactor, will be responsible for overseeing 


DOE's participation in the $12 billion effort. 


He comes to the post—vacant since former 
head Anne Davies retired in April 2006— 
from the physics faculty of the University of 
Wisconsin, Madison. 


‘SOURCE: The New York Times 


SCIENCE 


Ghezzi of Lima's Pontific 
Catotica del Perti (PUCP) has become the archaeology dit 
the Instituto Nacional de Cultura: 
t and overseer of one of the world’s most important 


intern: 


trained scientists from North America and Europe. Now, si 
archaeologist Luis Castillo of PUCP, 


LNEWSVAKERS 


EDITED BY YUDHIJIT BHATTACHARJEE 


Universidad 
ector for 
ation’s head 


in effect, the 


ological patrimonies, The Yale-trained researcher, who will 
sds Yuri Castro. 


cadre of Latin American archaeol- 
1 pr Although 


minence 


ade essential contributions to Andean studies 
of Julio C. Tello (1880-1947), the field has typically 
ated by better-funded, better-equipped, and better- 


researchers who can work as leaders or equal partners with people 
from France, Spain, and the US." The incre 
to “more and better work.” One ex: 
-old observatory in northern coastal Peru that 
appeared in Science last week (2 March, p, 1206), 


in local expertise, he 
nple: Ghezzi’s 


PACK ‘N PLAY. While studying to diagnose 
disease in chimpanzees, Taranjit Kaur 
(above, left), a pathobiologist at Virginia 
Polytechnic Institute and State University in 
Blacksburg, wondered whether there was a 
way to reduce the environmental impact of 
her research. With the help of architect col- 
league Matt Lutz (above, right), she’s come 
up with an answer: the world’s first fully col- 
lapsible, mobile laboratory. 

The two-story facility can hold laboratory 
equipment on the bottom floor, including 
computers, microscopes, and a refrigerator, 
and four researchers on the second floor. 
It’s made of fiberglass rods and sliding alu- 
minum panels that lock into place. The lab 
will be deployed this summer in Tanzania, 
where Kaur’s group is establishing a health- 
‘monitoring program for chimpanzees. 
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NUCLEAR WEAPONS 


Livermore Lab Dips Into the Past 
To Win Weapons Design Contest 


What's the trick to winnin 


a competition to desi 
nuclear bomb when you 
can’t show it works by 
blowin 


an alread 


just enough to prove your 
design will do the job, 
That's the approach 


followed by weapons 


physicists at Lawrence 
Livermore National Labo- 
ratory in Californi 


new H-bomb. The chal- 
¢, Which pitted Live 


ional 


more against archrival Los Alamos N 
Laboratory in New Mexico, was to desi 


weapon that wouldn't require nuclear test- 
ing, a practice the U.S. effectively forswore 
in 1992. And DOE officials say the sound- 
ness of Livermore's desi 


n Was Super 


more novel proposal from Los A\ 
“This was about starting off with the most 
conservative approach,” says National 
Nuclear Security Agency (NNSA) i 
head Thomas D 
the outcome last week. 

The Reliable Repkicement Warhead (RRW) 
program was set up by Congress to modernize 
the aging U.S. stockpile, The two labs were 
competing to replace a warhead that currently 


tino, who announced 


sits atop missiles in US. submarines. Some of 
the bombs are more than 30 years oll and sei- 
entists can’t detonate them to see how well 
they've held up. Although the focus is reliabiF 
ity, RRW is also intended to ereate safer, more 
secure, and greener weapons, But erties say the 
program, which could eost more than $725 mil 
lion by 2012, is misdirected and counter- 
This could serve to encourage the 
very proliferation we are trying to prevent.” 
says Senator Dianne Feinstein (D-CA), 

To look to the future, both teams started 
With the past. Bolstered with e 
crews supplied by Sandia National Laborato- 
ries in Albuquerque, New Mexico, they began 


productive 


9 MARCH 2007 


Bank on it. Purple, the world’s fourth most powerful supercomputer, 
helped Lawrence Livermore win a bomb-design competition, 


by seouri 
1000 unde 
States has performed. But they learned different 
lessons from the d 
RRW 


he archives of the ro 


round nuclear tests that the United 


ta. Livermore physicist and 
ader Hank O'Brien says that a weapon 
tested four t the 1980s but 
deemed to be too “oversized and heavy” for use 
during the Cold War tumed out to be 
basis for th 


od 
new bomb, In contrast, Los 
Alamos official Glen Mara acknowledges t 
his team’s design was not in the “unique sweet 
spots of previous [specific] designs that were in 
the stockpile” although many nuclear tests and 
‘models informed its design 

With basic design in hand, the California 
team went on to perfo 28,000 simu- 
lated explosions of the device on the lab’s 
100-teraflops supercomputer. Those nuns sug~ 
gested how certain manufactur 


m some 


s would affect its performance 


temperatures. In early 2006, the teams 
exchanged what one official described as 
phone-book-sized” dossiers of classified data 
oon their weapon for intralab peer review, which 
so yielded some improvements. (Some of 
Los Alamos’s RRW features might be inte- 
rated into the California design.) But for the 
Livermore team, says O'Brien, a key moment 
came last August. when a mockup of the 
‘weapon showed “an excellent agreement with 
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our [computer] model” during a monitored 
detonation using conv 
Livermore’s Site 300 facility. Thi 
‘ery satisfying” to the team and extre 
usefilin proving the design's “credibility” 
Livermore manager Bruce Goodwin, 
Both winning and losing designs featured 
detonation by thieves and 


wats both, 


controls to thwa 


explosives that are safer to handle, two key 
facets NNSA had wanted. They also contained 
no beryllium, an element used in nukes that 
poses health problems, The New Mexico team 
ind whistles, inchudin 
ture resistant to static electricity, which can 


added other bell 


cause accidental detonations, The New 
id 


nany features that were 
nal 
than th 


Mexico desi 


more transforma [and] some would 


argue are bett F rival, says 
D'Agostino, 


being the more con: 


reversal of the lab reputation as 
ative of the two labs, 


But he says Liv experimental “pedi- 


ithe 


That empirical evidence may not be enough 
to keep the program moving forward, however 
Former Livermore director Bruce Tarter says 
he doesn’t think DOE has yet come up with a 
specific method to meastire whether the design 
meets the criterion of being certifiable “with- 


‘out requiring nuclear testing” as it advertises. 
‘Some lawmakers in Congress are wondering 
whether RRW is even needed given recent 
findings that the plutonium inside the weapons, 
can last longer than expected (Science, 
8 December 2006, p. 1526). They also worry 
about its impact on efforts to curb nuclear pro~ 


liferation. The program has a “make-it-uppas- 
you-go-along character.” says Representative 
Pete Visclosky (D-IN), chair of a key House 
fundi atened to cut funding 
for RRW unless he sees a mor nt” 


‘cohet 
explanation of its purpose 

A panel of nuclear weapons experts con- 
vened by the American Association for the 
Advancement of Science (which publishes 


Science) has called for “independent review 
teams” to monitor the next stages of the RRW 
program. Los Alamos has already been given 


that role as.a consolation prize. Livermore's 
O’Brien says he’s “honored” to have won and 
motivated to take the next steps. which 
include full-scale engineering studies allow- 


irchers to see how the design reacts to 


“lifetime of shake, rattle, and roll.” Says 
Goodwin, “We've taken the first steps, but 
itsa long road” ~ELIKINTISCH 
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WILDLIFE STUDIES 


Researchers Explore Alternatives to Elephant Culling 


PRETORIA, SOUTH AFRICA—Outsized track- 
ing collars and dart guns will be in demand 
as scientists here embark on an ambitious 


new research program announced last 


week as part of the nent’s draft ps 
1¢ South Africa's 


icy to m row 


phant population, The policy's most con- 
troversial provision would allow limited 
culling—which is not being done in any 
African country—if other 


proaches fail 


Presenting the policy at Addo Elephant 
National Park, Environmental Affairs 
Minister Marthinus van Schalkwyk said a 
multiy sted by a 


eh plan, suj 


scientific advisory panel, “will hopeful 


ainty” about 


reduce the scientific uncet 


the animals’ numbers and movements 


while managers deal with “immediate 


challenges” such as minimizing the dam 


age they cause in parks and reserves, In 
Kruger National Park, for example, the 
number of elephants has risen from 7800 to 


about 12,500 since culling was stopped in 
1994, Numbers are also reported to be on 
the rise in Botswana and Zimbabwe 


This contrasts sharply with the trend in 


west and central Africa, where ivory poach= 
ing has decimated some elephant popula- 
tions, Based on the amounts of ivory seized 
and DNA source trackin 
estimated in the Proceedin 
National Academy of Sciences (PNAS) last 
week that 23,000 African elephants were 


a research group 
of the 


killed for their tusks last year 
“Overall, the elephant populations 


jone 


might be inc 


easing in perhaps five or six 
elephant range states” in southern Africa, 
says the lead author of the PNAS study 
Samuel K. Wasser, director of the Center 
for Conservation Biology at the University 
of Washington, Seattle. But declining pop- 
ulations are a problem in “the other 30-plus 


states,” 
Strict polici 
s at South Africa 


as limited ivory poach- 
me parks, but many 


ecologists blame poor management 
including the drilling of more than 
300 artificial watering holes over half a 
century in Kruger Park: 
the park’s ecological problem by changin; 
movements and feeding 


for exacerh: 


elephants 


patterns, Zoologist Rudi van Aarde, chair 
of the University of Pretoria’s Conserva- 
tion Ecology Research Unit, ai 
edy is to reduce the number of 


s that 


holes and remove fences to create 
ks, 
front 


waterin; 
transborder “me 


r Conserva 


Several such 


tion Areas have been mapped and are 


being negotiated in southern Africa 
through the efforts of the independent 
Parks Foundation, In addition, as 
ch 


Peace 


term megaparks res 


part of a 
roup has outfitted 
southern Afr 


project, van Aarde’s 
91 elephan’ 


countries with GPS tracking collars, He 
believes that the new South African 
ram should focus mostly on 
monitoring the 


research prc 


ecological impact of specific actions, such 
fences or watering holes. And 


» continue for “several 
Sm 
t who directs the Centre 
for African Ecology at the University of 
the Witwatersrand in Johannesburg. “Most 


elephant movement studies so far have 


tracking needs 
* says Norman Ow 


mammal ecolog 
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been superficial.” 

Both van Aarde and Owen-Smith are 
members of the Elephant Science Round 
Table, which the environment minister 
established last year to try to reach a sei- 
In December, the 
2 1-member panel, which included Park 


Service elephant experts, submitted a 


of predictive models on elephant manage- 
ment, among other goals, The ministry has 
allocated about $700,000 to start the work 
and will seek additional funding later 


The environment minister suggests 
culli 


2 as a last resort if other options 
including relocation, range manipulation, 
don’t work, But neither 


Aarde, both of whom 


and contraception 
Owen-Smith nor va 


enerally support the minister’s plan, thinks 
Park, 


that culling is now warranted in Krug 


and both question its lon 
ness. “There is no point in culli 


says van Aarde. “We know now that the 


nearly 17.000 elephants, did not reduce their 
impact in the long run.” -ROBERT KOENIG 
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METEOROLOGY 


A Dose of Dust That Quieted 
An Entire Hurricane Season? 


‘The 2006 hurricane season was looking grim, 
Three hurricanes had ripped across Florida 
during the 2004 season. Four hurricanes, 
including Katrina, had ravaged the Gulf Coast 
in 2005, Now meteorological signs were unan- 
imous in foretelling yet another hyperactive 
hurricane season, the eighth in 10 years. But 
the forecasts were far off the mark. The 2006 
season was normal. and no hurri- 


canes came anywhere near the 
United States or the Caribbean, 


Now owo climatolo; 


sts are 


suggesting that dust blown across 
the Atlantic from the Sahara was 
pivotal in the busted forecasts, The 
dust seems to have suppressed 
storm activity over the southwest- 
em North Atlantic and Caribbean 
by blocking some enengizing sun- 
light, they say. “I think they're on 
to something,” says hurricane 


researcher Kerry Emanuel of the 
Massachusetts Institute of Technol- 
ogy in Cambridge. Dust “might 
play a big role” in year-to-year 
fluctuations in hurricane activity 
As the 2006 season approached, 
conditions looked propitious for 


‘another blustery hurricane season. 
In particular, there was no sign of 
ELNifo, whose Pacific warming can reach out 
to the Atlintic and alter atmospheric cireula- 
tion to suppress hurricanes there. But, unre= 
marked by forecasters, an unusually heavy 
sturge of dust be 
and into the western Atlantic at the | June 
beginning of the official hurricane season, Two 
\weeks later, the surfiwce waters of the westem: 
Atlantic began to cool compared with temper- 
atures in the previous season, 

Climatologists William Lau of NASA's 
Goddard Space Flight Center in Greenbel 
Maryland, and Kyu-Myong Kim of the Uni- 
versity of Maryland, Baltimore County, in 
Baltimore argue in the 27 February issue of 
Eos that the arrival of the thick dust and the 
subsequent cooling we 
The dust blocked some sunlight and cooled 
the surface, they say. That cooling went on to 
trigger a shift toward less favorable condi- 
tions for the formation and inte 
storms in the western Atlantic, they ar 
a result, no storm tracks crossed wher 


no coincidence, 


had passed the previous season. 
Lau and Kim find that historically, 


EI Nifio’ influence on Atlantic storms has in 
fact prevailed in the eastern tropical Atlantic, as 
itmay have done last year when it put in a sur- 
prise appearance beginning in August. But in 
the west, near the Caribbean and the United 
States, dust has been the dominant external 
influence, they found. “We're not de 
EL Nifio bad an impact.” says Lau, but “maybe 


fot a more important factor. 
Many hurricane researchers. 
but cautious, “The authors have 


National Hurricane Center in Miami, Florida, 
but “there's not much evidence that there is a 
direct cause and effec here.” And if 
dust were involved, it would have been more 
complicated than a simple cooling. says Jason 
Dunion of the National Oceanic and Atmos- 
pheric Administration’s Atlantic Oceano- 
graphic and Meteorological Laboratory in 
Miami. The dust comes in layer of air whose 
extreme dryness and high windsare thought to 
discourage storm development and intensifi- 
cations well. 

If dust is a major factor in the Atlant 
he severity of 
ye seasons. Anticipating the arrival of 
E1 Nido is proving tricky enough. Predicting 
far-traveled Sahsran dust months ahead—both 
the necessary North African dryness and the 
dust-carrying winds—could be formidable. 

RICHARD A. KERR 


Broad Institute Given $100 Million 


The already well-heeled Broad institute in 
Cambridge, Massachusetts, this week 
announced a $100 million gift from a wealthy 
direct marketer to conduct research on severe 
mental illnesses such as bipolar disorder and 
Schizophrenia. The funding from the Stanley 
‘Medical Research Institute will allow the 
Broad —a joint venture between the Massa 
chusetts Institute of Technology and Harvard 
University—to create an interdisciplinary cen: 
ter that will draw on the universities’ expertise 
in neuroscience and genomics. That center, 
located within the Broad Institute, wll be led 
by Edwatd Scolnick, a former National Inst 
tutes of Health researcher and president of 
Merck Research Laboratories. The money from 
the Stanley Institute, founded by the family of 
Theodore and Vada Stanley, will help Broad 
researchers apply "the most advanced 
‘genomic tools” to the biology of mental it 
ness, Says Harvard Provost Steven Hyman, 
ANDREW LAWLER 


Ganging Up on Jupiter 

[ANASA probe heading to Pluto and a Euro 
pean Space Agency (ESA) spacecraft on its way 
to.acomet will eam up in coming weeks in an 
unusual effort to observe Jupiter. ESA's 
Rosetta, launched in 2004 and currently in the 
neighborhood of Mars, will examine the ring 
of electrically charged particles around the gas 
giant planet that may stem from volcanic 
eruptions on its moon lo, Meanwhile, NASA's 
New Horizons mission (below) sped past 
Jupiter last week after leaving Earth in January 
2006. As the probe uses the planet's gravity to 
slingshot its way to Pluto, the onboard instru 
ments are monitoring the Jupiter system, 

The roughly simultaneous observations 
from the two probes could provide a unique set 
‘of data on the planet. “We couldn't pass up this 
opportunity to study Jupiter's meteorology, 


© 2 
v 


rings, aurorae, satellites, and magnetosphere,” 
says New Horizons principal investigator 

5. Alan Stern of Southwest Research Institute in 
Boulder, Colorado. The joint effort augurs well 
for future international cooperation in space 
science: Stern takes over as NASA's science 
chief next month. ‘ANDREW LAWLER 
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EVOLUTION 


Robot Suggests How the First Land 
Animals Got Walking 


Salamandra robotica is a triathlete, She 
walks, She crawls, She swims. One of v 
few robots capable of multiple modes of 
locomotion, this salamanderlike machine 
has demonstrated that it may have been rel- 
atively easy for early animals to take their 
first steps on land. From a neurological 
perspective, inducing a transition from 


swimming to walking is unexpectedly 
straightforward. explains Auke Ijspeert, a 
physicist at the Swiss Federal Institute 
of Technology in Lausanne. Thanks to 
Salamandra, he and his colleagues have 
shown that merely changing the 
the brain signal driving locomotion can 
determine whether an animal walks or 


Land ho. With just a change in signal strength, 
his robot, modeled after a salamander, can swim 
to shore, crawl onto land, and walk away. 


4 


swims, Once the neural networks for mov- 
ing legs were in place, little additional neu- 
ral circuitry was required, Ijspeert and his 
colleagues report on page 1416. 
“This is clearly an excellent fu 
biology and robotics to test 
and evolutionary hypotheses, 
Fish, a biomechanist at West Chester Uni- 
versity in Pennsylvania. “This paper will 
be a high-profile example of how robots 
can be used as surrogates for living and 
fossil systems. 
Salamanders are # lot like the first 
land-based tetrapods, These amphibians 
swim in the same manneras primitive fish, 
such as lampreys, and they waddle, with 
legs splayed out, like alligators and their 
ancient relatives. The salamander “repr 
sents therefor to understand 
the evolutionary transition from swim- 
ming to walking.” says Ijspeert, who ¢ 
bined forces with INSERM neurobiologist 
Jean-Marie Cabelguen of the University of 
il two Braduatte Stu 
dents to determine how the brain controls 
movements compared to 


on of 
rological 
says Frank 


They focused on two networks of nerve 
cells, called central pattern generators, 
located along the spine. When a network is 
activated, its individual nerve cells alter- 
nate between firing and being quiet, cau 
ing rhythmic muscle contractions. Both the 
lamprey and the salamander have one 
work to drive the body musculature, For 
swimming, this network sends waves of 
muscular contractions down the body, 


U.S. SCIENCE POLICY 


Report Tells NSF to Think More Boldly 


Has the U.S. National Science Foundation 
(NSF) gotten too conservative? A new draft 
report from its oversight body calls on the 
federal research agency to be more recep- 
tive to funding wild-eyed ideas that, just 
maybe, could revolutionize science 
(nsf-gov/nsb). 

The agency's director, Arden Bement, 
thinks the board's proposal for a separate 
“transformational research initiative” is 
itself abit over the top. The S6billion foun- 
dation is already doing everything it can to 


identify “potentially transformative” 
research, says Bement, adding that another 
program would tax an already overbur- 
dened staff. 

NSF's peer-review system is widely 
seen as the gold standard for selecting 
high-quality research proposals. But 
board members say they are worried that 
some scientists don’t even bother to apply 
for grants for ideas that cut across the sci- 
entific grain because of what the draft 
report calls “the external perception that 


NSF is not as welcoming as it should be 
to such researel 

To erase that perception, the report sug- 
gests “a new, distinet, and separate founda- 
tion-wide program designed to solicit and 
support transformational and paradigm- 
challenging proposals.” The mechanism 
would serve scientists with brilliant but 
not-ready-for-prime-time ideas, the kind 
that “might be at odds with the current 
thinking in the field,” says board member i 
Douglas Randall. a plant physiologist at the 
University of Missouri, Columbia. “And if 
it goes into that merit-review meat grinder, 
it'll just get spit out.” E 

NSF is currently analyzing the results of 8 
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repeatedly creating S-shaped waves that 
move tailward, Amphibians have a second 
‘one, which controls the limbs. 

In 2003, Cabelguen and his colleagues 
‘overed the region of the salamander’s 
midbrain that fires off signals to these two 
central pattern generators, When the 
researchers gently stimulated this part of 


“This paper will be a high-profile 
example of how robots can be used 


as surrogates for living and 
fossil systems.” 


—Frank Fish, West Chester University 


the brain electrically, they caused the limbs 
to move as if walking. As they gradually 
increased the applied current, neural activ- 
ity in the limbs sped up until finally 
the nerve cells shut down. At this point, 
the amphibian’s limbs stopped moving and 
the body started undulating much faster, 
as in swimming. 

Iispeert’s group developed a mathemati- 
cal model of this transition, from which they 
concluded that the limbs’ central pattern 
generator interfered with the other neural 
network's ability to set up the S-waves. This 
interference prod the slower body 
bending necessary for walking. Only when 
the limb’s central pattern generator was shut 
down was the salamander’s other network of 
nerve cells free to fire as fast as needed to 
generate swimming or, on land, crawling, 

Iispeert then built Salamandra robotica 
to test the mathematical model's predic- 
tions, About 85 centimeters from snout to 
tail tip and with four rotating legs and six 
movable joints along her body. she is pow 


ered by 10 motors instead of muscles. 
Using a remote control, Iispeert and his 
graduate student Alessandro Crespi sent 
ing strength to Salamandra. 
juen’s experiments, less 
nse signals caused the robot to walk. 
With stronger signals, the legs sped up. But 
with the strongest signals, the legs stopped 
moving and Salamandra began 
thering. “This close corre- 
spondence su: 
researchers may hav ly 
recreated some of the actual neu- 
ral control mechanisms sala- 
manders use.” says John Long, a 
biomechanist at Vassar College 
in Poughkeepsie, New York. The 
results, Long and others say, suggest that 
carly animals didn’t need to invent com- 
pletely new neural pathways to expand their 
locomotor repertoire. 

Some researchers think this simple 
mechanism is not the whole story, however. 
Robert Full, an integrative biologist at the 
University of California, Berkeley, says 
lispeert and his colleagues “definitely need 
not only to include motion in their analyses 
bbut also the mechanics of the body and an 
understanding of the environment.” 

Nonetheless, says Long, the robot is “the 
best I've seen in terms of combining. coor 
dinating, and alternating different verte- 
brate propulsive mechanisms.” If nothing 
else, adds Miriam Ashley-Ross, a fune- 
tional morphologist at Wake Forest Univer- 
sity in Winston-Salem, North Caroli 
think that more collaborations between bio- 
‘mechanists and neuroscientists and experts 
in computer modeling will start up and 
flourish, spurred on by this paper.” 

ELIZABETH PENNIS! 


a community survey designed in part to 
determine whether that perception is true. 
Bement suspects that concerns have grown 
in step with the rising share of top-rated 
proposals that NSF is unable to fund, now 
‘one in three, He says he agrees with the 
board on the importance of funding as 
much potentially transformative research 
as possible but not with its conclusion that 
NSF should launch a separate initiative. 
“Every directorate has special programs 
for frontier research.” he notes nd every 
program officer is looking for exciting pro- 
posals to fund. 

One constraint, he says, is a heavy 
workload: The number of proposals sub- 


mitted has risen by 47% since 2000, with 
little growth in staff: Managing a new pro- 
gram, Bement says, would leave even less 
time to seek out the type of research pro- 
posals that the report is calling for. 

Several board members say they would 
like the review process to place more 
emphasis on the investigator's ideas and 
track record and less on preliminary data 
showing that the project is feasible. “Busi- 
ness as usual is what people are comfort- 
able with. We need something different” 
says board chair Steven Beering. The report 
asks NSF to come up with a management 
plan by August, 

JEFFREY MERVIS 


The Continuation Saga (Cont.) 


It's been more thana year since the U.S, Patent 
and Trademark Office (PTO) proposed limiting 
‘add-on patent applications, which allow addi: 
tional information to be submitted on existing 
‘applications. PTO says so-called continuations 
are hurting patent quality and drowning exam- 
{ners in paper (Science, 28 July 2006, p. 425), 
The proposal was met with a firestorm of attacks 
<during a public comment period last year. Some 
biomedical scientists say continuations are nec: 
essary to keep patent applications up to date, 
“There must be some kind of heltacious political 
pressure on some numbnuts atthe PTO, because 
almost everyone of those public comments was 
resoundingly negative,” wrote lawyer Mark 
Peidue of Storm LLP in Dallas, Texas, on the 
‘popular Patently-O blog last summer. 

PTO Director Jon Dudas disagrees. "We're 
being very thoughtful about this,” he told 
Science. "People don't want to change.” He says 
hhe expected the backlash when he proposed the 
limits. He hasn't decided when to issue a final 
decision on the rules. Another Dudas initiative, 
a pilot project to allow the publi to rate techni 
«al information to help examiners with software 
patents, is expected to go online soon, 

ELI KINTISCH 


Different Ways to Compete 


‘When it comes to improving U.S. innovation, 
some legislators are thinking big whereas oth 
ers say that small is better, This week, Senate 
[Majority Leader Harry Refd (O-NV) led a bipar: 
tisan coalition of senators endorsing the Amer 
‘ca COMPETES Act, a sprawling bill drawn from 
the recommendations of a 2005 National 
Academies report on how to strengthen the 
US. scientific enterprise (Science, 21 October 
2005, p. 423). The proposal would authorize a 
‘doubling of funding forthe National Science 
Foundation (NSF) and the Department of 
Energy's (O0E's) Office of Science and support 
raft of programs to train more scientists and, 
improve science and math education at all. 
‘grade levels, Reid said he plans a floor vote on 
the bill, whose provisions would cost $16 bil 
tion over 4 years, sometime next month. 
‘Meanwhile, the House Science and Tech- 
nology Committee last week approved a meas 
ure to expand early career and graduate train 
{ng programs at NSF and DOE and monitor the 
need for research instrumentation across the 
‘government, The bill (H.R. 363) addresses a 
tiny slice of what the Senate legislation covers, 
but the panel's chair, Representative Bart 
Gordon (O-TN), believes that narrowly focused 
legislation stands a better chance of passage 
by Congress. “JEFFREY MERVIS 
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China Supersizes Its Science 


With little fanfare, Chin 
of dollars to build major science fa 
crystallography to remote sensing 


airport races toward Zhangjiang Hi 
Park on the outskirts of Shanghai, passe 
can glimpse what looks likea giant silver nau- 
tilus on the horizon. This 36,000-square-meter 
spiral structure is the Shanghai Synchrotron 
Radiation Facility (SSRF), scheduled to come 
online in 2009. 

At an investment of 1.2 billion yuan 
(S150 million), SSRF is the most expensive 


al re 
for the time bei 
fucility, which will 
for study 


arch project China has ever 
that is. The 
snerate powerful x-rays 


he structures of molecules and 


advanced materials, will soon be joined by 
another heavyweight champ, Last month, the 
Chinese Academy of Sciences (CAS) signed 


an agreement with Guangdong Province 

southern China to build the $250 million 

China Spallation Neutron Source (CSNS). 
Thanks in part to a pledge to raise R&D 


from 1.3) ross domestic 


spending vot g 
product in 2005 to 2.3% by 2020 (Science, 
17 March 2006, p. 1548). big science pro} 
ects that have been on the drawing board for 


nd new concepts are fast becom 
lity. The central gover 
Development and Reform Commissi 
(NDRC), the agency responsible for all 
major state investments, is bankrolling the 
facilities 


ment’s Natio 


construction of a dozen maj 
to the tune of $730 million—during the 
tth 2010. 
(SSRF was launched in the previous $-year 


about to spend hundreds of mi 


ions 
jes for everything from 


plan.) The spallation source alone will receive 
$163 million from the NDRC pot, with 
authorities chippin 

an official go-ahead to 


intherest. So 


five of 12 projects; the seven others are 
expected to receive approval later this year 
Proponents argue that China needs to 
nvest in 
asa research power, With la 
‘we can proudly stand up in the 
national scientific community and no longer 
rely on foreign equipment to do many expe! 
Rongji, an official at the 
‘big-science” section of CAS, 


sce 


ties, 


iments." says Lia 


However, some prominent researchers 
question the decision to shower such langess 
‘on machines, They say what China needs most 
isto build a critical mass of scientists in many 
disciplines to get the most out of the new ficil- 
ities. "Many people are enthusiastic about 
instruments, but there are not enough 
people to do the science.” says Gan Zizhao, a 
physicist at Beijing University 

NDRC officials declined to provide infor 
mation on any of the projects, claiming that 
Isa And most sci- 
centists declined to discuss the ini 


certain det 


e state secrets, 


atives on 
the record, expressing concern that their 
arks could jeopardize fundin, 


re for proj- 
ects not yet finalized, But from published 


reports and interviews wit 


wo dozen scien- 


tists and officials, Science has pieced 


ether a picture of China’s ambitious Big 


nda (see table, p. 1355), 


Thinking big 


Big science holds a hallowed place in China, 
where top politicians often wax nostal 
about fiang dan yi xing. or “two bombs and 
fone star”: the development of the atomic and 
hydrogen bombs and the country’s first satel- 
lite in the 1960s, “Leaders like to support 
megaprojects for their visibility,” says Cong 
Cao, an expert on Chinese science policy at 
the State University of New York in New York 
City. M 
approach to rese 
justify polit 
‘weapons program in the 1960s was touted asa 
triumph of Mao Zedong Thos 
Electron Positron Collider (BEPC) was held 
up as proof of Deng Xiaoping’s foresight. 
BEPC was the first bi 
after the Cultural Revolution 


iprojects also fit China's top-down 
rch, and successful projects 


fimacy: Just as the nuclear 


science project 

nided in 1976. 
It demonstrates how a lange facility can take 
root in China; support at the hi 


hest level of 
government—Deng himself decreed that it 
be built; help from international advisers and 
collaborators; and most importantly, the 
work of indigenous physivists trained in 
nuclear weapons and particle physies who 


managed to turn Deng’s di 


n of an expen= 
sive proton accelerator into a more modest 
but successful collider. 

Among itsachievements, BEPC boasts the 
most precise measurements of the 
have helped verify the St 
dard Model of particle physics. To enhance 


au lepton's 
mass, data th 
collaborations with foreign scientists, BEPC’s 
host, the Institute of High Energy Physics 
(IHEP), forged China's first h 
net link to the outside world—a connection 
between IHEP and the Stanford Linear 
in 1994, And BEPC has 


speed Inter- 


Center 


ity is expected 


zapping targets in 2009. 


helped China develop technical capacity 
“Construction of a large facility needs many 
novel parts and technologies,” says IHEP 
Director Chen Hesheng. "Mastering the 
process greatly improves indigenous skills.” 
After learning how to make aecelerator parts, 
IHEP now exports some components to Japan, 
South Korea, and the United States. 

Buoyed by its success, BEPC has attracted 
friends in high places: Its VIP visitor log is a 
Who's Who of China's political elite. That has 
kept the funds flowing. In 2000, the central 
‘government approved $80 million to renovate 
the facility, The upgrade—called BEPC Il—is 
scheduled for completion next year. Is power 
should increase 100-fold, enabling ever-finer 
measurements of tau lepton mass, Down the 
road, [HEP pkins to build the $2 billion Beijing 
Tau-Charm Factory to extend the accelerator 
‘energy up to 3 GeV for experiments on both 
the tau lepton and charm quark. And the insti- 
tute is participating inthe International Linear 
Collider proje 


Thinking bigger 

China's current scientific leaders hope to 
steal a page from BEPC’s playbook. CAS 
President Lu Yongxiang, who has made inno- 
vation a central theme at the academy. has 
often urged researchers to transition from 
following what others do” to “coming up 
with what to do.” Nevertheless, several big 
seience projects appear to be “me-to0" facili- 
ties, including CSNS, which Lu initiated after 
a tour in 2000 of ISIS, a pulsed neutron 
source at Rutherford Appleton Laboratory 
near Oxford, United Kingdom. 

According to J. K. Zhao, a senior scien- 
tist at Onk Ridge National Laboratory in 
Tennessee and a consultant to CSNS, Lu 
was impressed by the multidisciplinary 
and asked CAS's Institute 
of Physics fora feasibility study of a similar 
facility in China. A group of neutron scien- 
tists enlisted Zhao and other overseas 
experts to help draft ISIS-inspired plans 

CAS approved the conceptual design in 
2005 and funded a preparatory team, led by 
Wei Jie of Brookhaven National Laboratory in 
Upton, New York, and IHEP, to start on an 
‘engineering design in 2006. To ensure reliabil- 
ity, the team will adopt mature technology 
Whenever possible, says Fu Shinian, Wei 
deputy at IHEP. The phase 1 design calls for a 
linear accelerator and rapid-eycling synchro- 
tron to speed up protonsto 1.6 GeV and deliver 
an initial beam power of 120 kilowatts, which 
can be doubled and quadrupled in future 
upgrades. The high-energy protons bombard a 
heavy-metal target, such as tungsten, to knock 
ofa spray of neutrons, “It’s like shooting the 
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Aviation Remote Sensing Syste Instiuteof Electronics, CAS ——-100= 2010 
Important Engineering Materil Service Beijing University of Science 63. NA 
Salty Research Facility and Technology 

© igh magnetic Field Facility Hefei High Magnetic Field Lab, 48 S years 

8 GS; Huacong University of 

= i 

er ——— 
Meridian Space Weather Monitoring Project, Center for Space Science and 25 (2008 
Phase Applied Research, CAS 
Agricultural Biosatety Research Facility Chinese Academy of 

Agricultural Sciences 1 2008 

‘China Spallation Neutron Source (CSNS), MEP, CAS, Dongguan 13 oR 
Phase | 
Protetn Science Research Facity as 25 NA 

1g Flvehundred-meter Aperture Spherkal Nationa Asonomial (2013 

© telecope FAST) Observatories; Guizhou 

|B Continental Srucue and Evironment China Earthquake WA Syears 
Monitoring Network Adminstration 
LUtralow Frequency Geoelecromagnetic China Earthquake WA Syears 
Exploration Network for Underground Administration 
Resources and Earthquake Prediction 

EZ sovotonoceanegraphic Resch Veil StuteOcenk Adminsvaion NA WA 

Icing Wing tunnel Ghina Aerodynamics Research & WA NA 

Development Center, 
‘Mianyang, Sichuan 


target. generating an intense pulse for probing 
microstructures of superconductors, for 
instance, or proteins. Phase I construction is 
expected to take 6 years. 

Remarkably. CSNS will be built far from 
the traditional science strongholds of Beijing 
rt y in the pros- 
perous Pearl River Delta in southern China, 
offered free land and $63 million toward 
‘sa reasonable deal 
for Dongguan, where strong economic 
growth and weak research capacity re: 
highly unbalanced development.” 
CASS Liang. “Many scientific talents may 
be attracted to the city.” 

Although Zhao wonders how many senior 
scientists with families will relocate to Dong- 
‘guan, he is confident that universities in 
Guangdong and Hong Kong will pack the 
facility with young researchers. Fu:siys senior 
scientists from Be 
but acknowle “experts sent by 
alone certainly are not enough.” So CSNS will 
open its doors to foreign researchers. For 
starters. Dongguan in April will host the 
18th Meeting of the International Collabora- 


tion on Advanced Neutron Soure 
time the event will be held in Chin 

Chinese astronomers, meanwhile, shoutd 
soon hear a decision on the amount NDRC 
Will spend on the world’s largest single radio 
telescope, the Five-hundred-meter Aperture 
Spherical Telescope (FAST), The instrument, 
first proposed by China's National Astro- 
nomical Observatories (NAO) in 1994, 
would allow astronomers to peer farther than 
everbefore, deep into the early universe, says, 
project director Peng Bo, 

NAO chose a limestone karst depression 
in southwest Guizhou Province as the site to 
suspend a receiving dish made of 4600 trian- 
ular panels, taking advantage of the natural 
topography to reduce construction costs. 
FAST had been in the running to host the 
Square Kilometer Array, an international 
radio astronomy project that would enable 
astronomers to observe the formation of the 
carly universe and test Einstein’s theory of 
general relativity (Science, 18 August 2006, 
p. 910). However, last September, the inter- 
national consortium narrowed the sites down 
to candidates in Australia and South Africa, 
That “won't affect the investment and con- 
struction of FAST,” says Peng. He estimates 


the first 
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that FAST will cost at least $86 million and 
take 6 years or more to build. 

In comparison, the gestation time of the 
High Magnetic Field Facility has been much 
shorter, Scientists first proposed the big svience 
project in autumn 2004 and received NDRC 
approval earlier this year. The facility will be 
hosted in two cities to “wake advantage of the 
existing technical capability of each city.” says 
Kuang Guangli, director of CAS's Hefei High 
Magnetie Field Lab in Anhui Province. 

Hefei will be home to 35- to 40-tesla 
water-cooled and superconducting steady- 
field magnets, primarily for materials set- 
‘ence research, such as probing the quantum 
Hall effect, and for magnetic resonance 
imaging. Wuhan, in Hubei Province, will get 
50- to 80-tesla pulsed field magnets to com 
plement an existing low-temperature lab 
and pulsed-power generator, Researchers 
there will plumb the effects of ultralony tem 
peratures and ultrahigh magnetic fields 
NDRC has allotted $48 million for the S-year 
construction effort. 


Thinking wider 
With megaprojects sprouting like bamboo 
shoots after a spring rain, big science is no 
longer the sole province of CAS s physical sci 
division. Other new entries span fields 
such as agriculture, biology, geology, and 
remote sensing 

One of the first projects NDRC finalized. 
in 2008, is the Meridian Space Weather 
Monitoring Project. It has a wide reach. 
from fundamental astrophysies—such as 
probing how solar flares and coronal mass 
ins influence Earth’s upper atmos 
to monitoring near-Earth space to 


eject 
phere 
censure safe satellite operation. 

Run by CAS¥ Center for Space Science 
and Applied Research, the project will equip 
15 ground-based observation stations with 
laser radars and other instruments to record 
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High-energy inspiratio 
tro 


temperature, air density, and electromagn 
data from above an altitude of 20 kilometers 
to several hundred kilometers. Its first phase 
will cost $25 million and is expected to take 
3 years to complete. Project scientists have 
also proposed an International Space Weather 
Meridian Circle Program to link national 
arrays of ground-based monitors to enhance 
space env ironment observation worldwide. 

Other big science initiatives are less well 
defined. Take the estimated $125 million “pro- 
tein science research facility" At the height of 
the SARS outbreak in 2003, after Rao Zihe 
efoupat Qinghua University in Beijing cracked 
the crystal structure ofthe main protease of the 
SARS vinis using IHEP synchrotron source, 
NDRC wanted to reward Rao with a major pro- 
tein crystallography facility at CASS Institute 
‘of Biophysics, where Rao had become director 
in 2004. But the project derailed when Rao left 
Beijing last year wo become president of Nankai 
University in Tianjin. CAS Vice President 
‘Chen Zhu then proposed building the facility at 
Shanghai's Zhangjiang High-Tech Park, ne 
SSRF, to take advantage of the new synchro- 
tron source. But many biologists have said that 
protein science is more than crystallography 
and that the new center should not be so far 
vical institutes, 
ing up. Sources 
say that one faction is lobbying for the facility 
to be built downtown, near CAS’s Shanghai 
Institutes of Biological Sciences. “Zhangjiang 
is too far to go for experiments if you study 
proteins in living cells.” says one researcher. 
Othersare trying tocarve off funds for existing 
labs in Beijing. They argue that if too much 
money is spent in equipping a single facility. 
waste is inevitable. 

Indeed, researchers acknowledge that 
(China’s funding system for megaprojects has a 
serious flaw. It favors one-shot projects: revo- 
lution, not evolution. “In Japan or South 
Korea. they build synchrotron sources one 


beamline at a time as needed” says Fudan 
University physicist Zhang Xinyi, who 
directed the National Synchrotron Radiation 
Lab(NSRL) in Hefei before moving to Shang- 
bi “But in China, we have to build the facility 
as one big project because all the funding 
comes ina single chunk.” 

Inaddition, an unwritten rule sets facility's 
‘operating budget at one-tenth the construction 
cost. “On many occasions, the operating 
budget is determined before construction 
begins.” says CAS's Liang. This hamstrings 
researchers when unforeseen problems arise. 
Forexample, when NSRL in the 1990s encoun- 
tered trouble with beam stability, which 
thwarted experiments, its operating budget was 
insufficient to carry out a fix, NSRLS synchro- 
tron soure lized in 2004, only after 
NDRC approved $15 million foran upgrade 

Zhang wants to apply lessons learned 
from managing the Hefei synchrotron to the 
construction of the Shanghai source. He has 
suggested to NDRC that some money be set 
aside so users can bid to design their beam= 
lines and experimental stations, However, 
he says NDRC preferred to stick with its 
usual approach to allocating money. Zhang 
still hopes that SSRF's management will be 
more flexible: it has already agreed to let 
him design his own beamline for research 
‘on condensed matter physics and synehro- 
tron radiation imaging, with funding from 
Fudan University 

But most would-be users do not have the 
couple of million dollars for this kind of instru- 
‘ment work. IHEP’s Xian Dingchang, one of 
China's foremost synchrotron experts, says 
that letting major users participate in construc- 
tion and management is popular in foreign 
synchrotron labs, but “our system does not 
allow it. Organizations want to control all the 
resources they've got.” 

Xian hopes that China's spallation neutron 
sourve can do better, According to Fu, CSNS 
has involved users from the beginning and 
modified designs after input from large user 
meetings. “We also learned lessons about the 
operating budget from previous projects.” says 
Fu, who intends to argue for more operation 
and maintenance funds from the central gov- 
ernment. Guangdong Province already has 
promised some help. 

‘Some Chinese scientists criticize the gov- 
ernment’s funding system for prizing 
machines over people. Ultimately, however, it 
is what scientists achieve with CSNS and its 
big brethren that will prove the wisdom of 
(China's big investment in Big Science. 

“HAO XIN AND JIA HEPENG 


Jia Hepeng is a writer in Beijing. Wit reporting by Gong 
Yidong of China Features in Bejing, 
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RETROVIRUS MEETING 


Hope on New AIDS Drugs, but 
Breast-Feeding Strategy Backfires 


Two novel drugs show promise in hard-to-treat patients, but breast-feeding studies 
underscore the difficulty of applying advances in the real world 


LOS ANGELES, CALIFORNIA—In the arcade 
‘game Whae-a- Mole, mallet-wielding players 
pound moles into the ground only to have the 
buck-toothed pests pop out of another hole 
HIV has a lot in common with those moles. 
Although research has shown that breast- 
feeding carriesa significant risk of transmitting 
HIV from an infected mother to her 
studies presented here last week atthe largest 
annual US. AIDS meeting” highlight the dan- 
gers that alternative strategies such as infant 
formula present in poor countries, Similarly, 
talks at the meeting underscored that despite 
much suevess in increasing acoess to anti-HIV 
drugs, great disparities sill exist between the 
developed and the developing world, But there 
‘was one bright spot: Data on two new medica 
tions indicate that they can knock down HIVs 
that have become resistant to current drugs and 
are popping back up. 

‘The most dramatic talk on alternatives to 
breast-feeding focused on Botswana, where the 
‘goverment advisesall HIVeinfected women to 
use infant formula to avoid transmitting the 
Virus. (The World Health Onzanization, by con- 
trast, recommends that HIV-infected women 
use formula only when itis “acceptable, feasi- 
ble, affordable, sustainable, and safe.") Nearly 
twwo-thinds of infected mothers in Botswana 
now use formula, which is provided free by the 
government, But that policy appears to have 
} hada tragic downside, Researchers studying an 
§ specially daily cutbrek 
theal diseases last 
& year reported that infant 
formula, as compared to 


a 


breast-feeding. increased i * 
a child’s risk of death 


nated the water used to | a 
make the formula, 
8 From January to 
feces 2 children 
2 

& 


under 5 in the country died from diarrhea, up 
from 21 the year before. Medical epidemiolo- 
gist Tracy Creek of the U.S. Centers for Disease 
‘Controf and Prevention in Atlanta, Georgia, andl 


* 14th Conference on Retroviruses and Opportunistic 
Infections, 25-28 February, Los Angeles, California, 


Potent new integrase 


anannc 
‘occa 


colleagues studied a cohort 
of 153 Botswanan children 
hospitalized for diarrhea. 

Of these, 33 died, and all 
but one were formula-fed 
The HIV-infected status of 
the mother and the infant 
was not associated with any 
‘ofthe deaths. Stoo! samples showed widespread 
infection with cryptosporidium, Escherichia 
coli, and salmonella. “'sa stunning story.” says 
pediatrician Hoosen Coovadia of the University 
‘of KwaZulu-Natal in South Africa, 

Creek's team has advised Botswana to 
reevaluate its universal formula policy, stressing 
that the risk of viral transmission from breast- 

feeding must be balanced 

re against the risks of for- 
mula use in such settings. 
But James Melntyre, an 
obstetrician’ gynecologist 
at Baragwanath Hospital 
in Soweto, South Africa, 
cautioned that researchers 
and policymakers should 
not lose sight of the real 
goal: to make both feed- 
4 ingappraches safer. Sev- 
eral studies under way are 
‘evaluating a myriad of strategies to do just that, 
including distributing chlorination solutions 
and using anti-HIV drugs in mothers and unin- 
fected babies more aggressively. Buta Zambian 
study presented at the meeting found that one 
seemingly logical way to make breast-feeding 


rt 


mi hategravir 
Mi Gonnct 
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safer, early weaning, offered no benefit. The 
study, which compared abrupt weaning at 
4 months to breast-feeding for an average of 
16 months, found an equal number of HIV 
infections and deaths by 2 years of age. 

The most promising news at the meeting 
came from reports of large efficacy trials of two 
AIDS drugs, slated for approval as early as this, 
‘year, that have novel targets, One of the drugs, 
raltegravir, made by Merck & Co. in Rahway, 
New Jersey, cripples HIV’ integrase enzyme. 
In studies of nearly 800 patients who had 
viruses that were highly resistant to existing 
drugs, about 60% had undetectable levels of 
HIV in their blood after 24 weeks of treatment 
\with rakegravirand an “optimized” cocktail of 
other drugs. In the control group, which 
received just the optimized regimens, viral 
loads became undetectable in roughly 30%, 

The second drug, maraviroe, targets human 
immune cells rather than the virus, HIV enters 
cells by attaching to the CD4 receptor an one 
of two chemo 

tors, CCRS or CXCR4, 
Maraviroc, made by 
Prizer in New York City, 
gums up CCRS to prevent 


In studies of more than 
500 people infected with 
HIVs that prefer CCRS 
receptors, maraviroce 
drove viral levels down to 
undetectable in 48.5% of 
the treated group versus 24.6% in a control 
group that received optimized regimensalone, 

David Cooper of the University of New 
South Wales in Sydney, Australia, who has 
tested both drugs. say’ if their potency and 
safety hold up, clinicians should reevaluate 
When to start treatment, Current recommend: 
tions encourage delaying treatment until seri- 
‘ous immune damage occurs, in part 1 reduce 
toxic effects. But the tradeoff is that peoples 
fer from the prolonged immune stimulation 
that HIV triggers, which Cooper says is likely 
responsible forthe increased number of deaths 
from heart, liver, and kidney disease. “If you 
start people earlier, you might have a signifi- 
‘cant impact on all of these,” h 

For the vast majority of HIV-infected peo- 
ple who live in poor countries, however. it may 
be many years before maraviroe and ralte- 
gravir offer any relief. Matthias Egger of the 
University of Berne in Switzerland and col- 
ported that 59 different drug regi- 
‘mens are available to most AIDS patients in 
North America, but only three are typically 
available in Asia and Africa, Solve one prob- 
Jem, another surfaces. 


JON COHEN 
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EVOLUTION 


Jurassic Genome 


Dinosaur fossils are helping scientists tease apart why the sizes of genomes vary so 


dramatically among species 


Tiranmosaurus rex, it urns out, had a pretty 
small genome, A team of American and 
British scientists estimates that it contained a 
ively puny 1.9 billion base pairs of DNA, 
alitle over half the size of our own genome: 

The scientists who came up with this esti- 
‘mate—along with estimates forthe genomes of 
30 other dinosaur species—had no ancient 
DNA to study. Z res, afer all, became extinct 
65 million years ago, and its genome is long 
gone, Instead, they discovered a revealing cor- 
relation: Big genomes tend to be found in ani- 
malswith ig bone cells. By comparing the size 
‘of cells in dinosaur fossils to those of living ani- 
imal, the scientists got statistically sound esti- 
mates forthe sizes ofthe dinosaur genomes, 

The findings, published by Nature this 
Week, are more than just a curiosity. Chris 
Organ, a Harvard University paleontologist 
‘and the lead author of the new paper, says the 
estimates shed new light on a big puzzle: Why 
do the genomes of living species come in such 
4 staggering range of sizes, varying more than 
3000-fold in animals? A fruit fly’s genome is 
350 times smaller than ours, whereas the mar- 
bled lungfish genome is 37 times bigger. 
Recently, some large-scale comparisons of 
genome sizes have suggested that natural 

jon may favor big genomes in some 

species and small genomes in others. But 
some skeptics argue that genome size may not 
be adaptive at all. Now. with the advent of 
what Organ likes to call “dinogenomics,” sei- 
centists ean begin to tease out some answers by 
adding extinct species to the emerging picture 
of genome evolution, 

The new study will have its most direct 


impact on tracing the evolution of bird 
genomes. “Birds are dinosaurs; they're the last 
Vestige.” says Organ, Sciemtists have long 
noted that birds have small genomes com 
pared to reptiles, their closest living relatives, 
‘but it was unclear how and when that change 
occurred. Organ’s study suggests that the 
dinosaur ancestors of birds had evolved small 
genomes long before binds 
took to the sky. “T think i's 
very exciting.” says. Ryan 


turned out to have bigger genomes than 
humans. The genome of Gonvaulax polvhedra, 
for example, is 28 times the size of ours, 
solution of sorts emerged in the 1970s: 
so-called junk DNA. In addition to prote 
coding genes, genomes contain stretches of 
DNA that encode RNA molecules or are just 
vestiges of old genes. Many genomes, inelud- 
ing our own, are dominated by viruslike 
sequences of DNA called mobile elements that 
can make new copies of themselves that get 
inserted in new spotsin the same genome. The 
‘human genome is 98.5% noncoding DNA. 
Comparing the genomes of living species, 
scientistshave found that genomes can expand 
and shrink quickly, with mobile elements 
spreading like a genomic plague, The cotton 
genome, for example, tripled in size over the 
‘past S million to 10 million years, On the other 


hhund, copying errors can cause cells to snip out 


Jarge chunks of noncoding DNA by 
shrinking their genomes in the process. 

To test whether natural selection plays a 
strong role in determining the sizeof species 
genome, scientistshave compured a wide range 
of species, searching for correlations between 
‘genome size andothertraits that might be adap= 
tive. Finding these correlations has been diff 
colt, however, because relatively few genomes 
had been measured until recently, and many of 
those measurements turned out to be wrong. 
Genome sizes are easy to misjudge, even with 
modern genome sequencing 
methods. When scientists 
sequence a genome. they 


ident, 


Gregory. an expert on Nematode (Coenorhobdits generally break it up into 
genome size at the Univer- elegans}: 100 milion bp fragments and then try to 
ity of Guelph in Canada. hate cress rabid piece them together like a 
I'sthe kind of paper we've thaliana 160 million bp puzzle, Noncoding DNA 
meelbrakgtine® patty mtn ted wake 
bee aa a je Suto reassemble proper 
Leb a chad Things are improving, 
9 Scotia, says Gregory. New tech- 
sizes startled scientists Re (Ona sativa 490 millon bp niques are enabling more- 
when it came to light in the aman (Homo Sapfens): precise measurements—for 
ily 1950s. Until then, the 35 bon bp instance, scientists are 
prevailing wisdom had gopard fog (Rane piplenst: adding DNA-staining com- 
been that complex animals 5 bilion bp pounds to cells and then 
needed bigger genomes using image-processing soft- 
than simple ones needed. 90" a ae ‘ware to analyze the amount 
And yet. as one paper of stain, And the results of 
explained, a salamander’s ‘Mountain grasshopper (Podisma thee studies are now being 
nome “contains 70 times _Pedestish: 16 bilion bp stored in online databases, 
‘asmuch DNA asisfound in Tigersalamander (Ambystoma making possible large-scale 
cell of the domestic fowl, tigriauiik: 31 billion bp ‘comparisons, Gregory main- 
afarmorehighly developed Easter ity (Litlum longiflorum); tains a database of animal 
animal.” As researchers 34 blion bp genome sizes at the Univer 
sized up more genomes. the ygebiad ungtih sity of Guelph (genomesize. 
paradox grew deeper. Some gethiopiarsk: 130 bilion bp com), Kew Gardens biolo- 


single-celled protozoans 


gists manage one for plants 
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and algae (Www.kew.org/genomesize 
homepage.himl), and biologists atthe Estonian 
University of Life Sciences run a database for 
fungi (www.zbi.ee/fungal-genomesize). 
Together, the databases contain information on 
more than 10,000 spec 

One of the first correlations scientists 
noticed was between the size of genomes and 
the size of cells. Iteropped upin a study on red 
blood cells in vertebrates. Later studies also 
found a link between cell size and genome 
size in other groups of species, such as plants 
and protozoans, and in other types of cells in 
vertebrates, although not all 

‘Some scientists have argued that natural 
selection favors big or small yenomes because 
they produce big or small cells. Take the case of 
Trichomonas vaginalis, a sexually transmitted 
protozoan that lives in the human vaginst. When 
‘amulti-insttute group led by Jane Carlton, who 
is now at New York University. published the 
‘onganism’s genome in the 12 January issue of 
Science (p.207).they observed that Z vaginalis 
is padded with far more mobile elements than 
are found in related protozoans that live else- 
\here in the body. The scientists suggest that 
when TZ. suginaliy moved into its current eco 
logical niche, its genome expanded rapidly. The 


5 
| 
§ protozoan itself became bigger as a result, 
t 


‘Which made it more effective at chasing and 

aulfing its bacterial prey. 

Changing cell size may benefit other kinds 
of species in other ways. In some groups of 
animals, species with high metabolic rates, 
tend to have small genomes, for example, 
\whereas species with slow metabolisms have 
big ones. One possible explanation is that 

i small genomes give rise to small blood cells, 


hsurface-to-Volume ratio and 
sport oxygen faster across their mem- 
Ifa warm-blooded animal needs to use 
8 a lot of oxygen to fuel its metabolism, a small 
% genome might give it an evolutionary edge. 


The fossil record 
8 Consistent with this hypothesis, birds have 
much smaller genomes than those of their rep- 
tilian relatives, But if birds evolved smaller 
§ zenomes for their high metabolism, the ques- 


might hold the answer. 
2 Some dinosaur fossils are so well pre- 
© served that they still havethe cavitiesthat once 
2 held their bone cells (known as osteocytes). 
i But noone had ever established linkbetween 
2 
8 
5 
LJ 


‘genome sizeand osteocyte size. “That was our 
first step.” says Organ. They examined bones 
from 26 species of birds, reptiles, mammals, 
and amphibians. With colleagues at Harvard 
and the University of Reading, U.K., he 
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mapped his measurements onto an evolution- 
ary tree. The correlation was good enough that 
they could use the size of a species’ osteocyt 
to accurately predict its wenome size. The sc 
eentists then added to the tree branches for 
31 species of dinosaurs and used the size of 
their osteocytes to estimate the size of the 
genomes, From that information, th 
inferred how the size of dinosaur genomes 
had evolved over time. 

Their analysis suggests that the common 
ancestor of dinoswurs, a small four 
tile that lived about 230, 
relatively big genome about the same size as 
aanalligator’s. That common ancestor gave rise 
to several major branches of dinosaurs. One of 
those branches. the omithischians, included big 
herbivores such as stegosaurs and Tricenmops. 
Their genomes did not change much, “These 
guys have a typical reptilian-sized genome’ 


But another branch of dinosaurs—bipedal 
predators known as theropods—evolved sig 
nificantly smaller genomes. Theropods would 
ultimately give rise to birds. “This blows out 
of the water the idea that small genomes 
coevolved with flight.” says Ongan. 

Organ suggests that theropods evolved to 
have higher metabolic rates than other 
dinosaurs had, and as a result, natural selec 
jomes and smaller 
cells. Other paleontologists have also found 
evidence for bird biology in bipedal 


dinosaurs, including feathers, ripid growth, 
and nesting behavior, “You don't decide 
you're going to fly and be warm-blooded like 
‘a bird and then make all these changes," says 
Organ. “They're all small cumulative thing 
that go way, way back, and they come together 
to produce this endl form.” 
Although Gregory and others praise 
Organ’s paper, some scientists are not as 
impressed. “Ita cute paper, but I'm not terri- 
bly confident in the outcome.” says Michael 
Lynch of Indiana University, Bloomington, 
Who questions whether natural selecti 
responsible for driving genomes to different 
sizes to fine-tune metabolism, “There's a cor- 
relation of the two, but I don’t know of any 
direct demonstration of caus 
Gregory concedes that even if metabolism 
‘can account for the small genomes of animals, 
such as dinosaurs and birds, it won't explain 
all the patterns scientists find. Plants, for 
‘example, have a similar correlation between 
cell size and genome size, for example, but 
they don’t have an animal-like metabolism. 
Irs possible that plants have different genome 
sizes because genome size s the way 
their cells capture sunlight or transport fluids, 
“Any one feature isn’t really going to cover it.” 
Gregory says. “You have to look from the bot- 
‘om up and the top down in every case.” 
CARL ZIMMER 
Cart Zimmer’ latest book, on col and the meaning of 
Ute il be published next spring. 
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Hunting for Meaning 


After Midnight 


The brain is anything but qui 


t during sleep. Is it making 


mories, 


searching for insight, or up to something else entirely? 


Even sound sleepers have restless brains. 
Your body may be largely motionless once 


Skull, millions of neurons are busily firin 
away, often in synchronized bursts that send 
waves of electricity sweeping across the sur 
face of your brain, 

Wha 


plishes, if anything, is a mystery, and par 


all this neural activity accom- 


the even larger puzzle of why we sleep. One 
idea that has gained favor in recent year 
is that during certain stages of sleep. the 
brain replays experiences from the day te 


strengthen the memory of what happened, 


‘Support for this notion comes from a variety 
of experiments with rodents 
includin 


a new study in this issue su 


ing that boosting such memory-related 


activity in the sleeping brain can improve 
memory performance in humans 

replaying 
than a 


Some researchers suspect tha 


the recent past during sleep is more 


memory aid. This review may also give the 
brain a chance to catch important informa- 
tion it missed the first time around. “There's 


more and more evidence accruing that what 


we're seeing during sleep is not just a 
strengthening of memories,” says Robert 


Stickgold, a neuroscientist at Harvard Med- 


al School in Boston. 
reall 
Such ideas aren’ 


‘What the brain is 


however. One new and controversial hypothe 
sis suggests that memory and other cogniti 
benefits are merely side effects of the 


function of sleep: dialing down synapses th: 
overexcited by daytime activity 

ies aren't convinced tha 

sleep has anything to do with memory at all 


Given all the uncertainties, researchers say 


stand the sleep 
But they're 
fascinating clues about what happens when 


in the Land of Nod, 


the quest to unk 


Let me see that again 


The first experimental evidence that the brain 


replays recent experiences during sleep came 


from experiments with rats begun in the 1990s 
t Bruce MeNaughtc 
wersity of Arizona, Tucson, and 
ident Matthew Wilson. McNaw 


and Wilson recorded the electrical activity of 


of the 


ffinity for 


neurons called 
campus. These neurons have an 
hi 


particular locations, a rat runs 


each time the rodent passes thro 
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favorite spot. Because individual place cells 


respond only to a specific location, each time 


1 rat thes a different route, different sequence 


Js. a rat explores a new environment are 
replayed the next time the rat dozes, as if the 


es its steps during sleep. 


Humans may do something similar. In 
2004, research team led by Pierre Maquet of 
he University of Lidge, Belgium, used 


positron emission tomography (PET) to mon: 


y in men playing a virtual: 


reality 
gate through a wn (actually a scene 
up video game Duke 


Nukem). The same regions of the hippo- 


from the shoot-"em 


campus that revved up when the subjects 
explored the virtual environment also became 


active when the men slipped into slow-wave 


sleep that night. This sleep stage is often con: 


sidered the deepest: Slow-wave sleepers are 
hard to rouse. During this sleep stage, electro: 
encephalogram (EEG) traces show waves of 
rical activity throughout the brain that 
PET scans 


revealed that the more intense hippocampal 


cle 
peak about once a second. 


sleep, the better he performed the next day 


\when he sprinted through the virtual town to 
find certain objects as quickly as possible, 
Magquet and colleagues reported in the 
28 October 2004 issue of Neuron. 

Maquet’s findings showed a nice correla 
tion between neural activity during sleep and 
subsequent memory performance, says Jan 
Born, a neuroscientist at the University of 
Liibeck in Germany. The natural next step, 
Born says, was to see whether artificially 
boosting memory-related neural activity dur- 
ing sleep could improve memory perform- 
ance, On page 1426, Born’s team describes an 
attempt to do just that, 

The researchers hd volunteers play a video 
versionof the card game Memory (also known 


ining the same image in a group of 30 cards. 
Each matched pair flashed on the sereen for 
a few seconds, one ata time, with all the 
other cards facing down, Afier the volunteers 
had seen the locations of all the pairs, the 
researchers tested the subjects’ revall by tum- 
ing one of the 30 cards face upandasking them 
to find its match, The researchers then used 
electrodes to monitor the volunteers” 
activity while they slept. 

the volunteers entered slow-wave 


some of the subjects a whiff of rose during 
their initial training session with the eards, 
reasoning that the odor would reactivate mem- 
ries ofthe training session in these subjects 
\ithout waking them. Indeed functional mag. 
netic resonance imaging ([MRI) scans in 
sleeping subjects revealed that the odor act 


‘ated the hippocampus in those who had expe- 
rienced it previously, even though the 
showed no disruptionsin the subjects’ slumber. 
Although they didn’t remember smelling roses 
intheirsleep, the subjects who got the fragrant 
prompt remembered the matched pairs better 
the next day. getting 97% correct compared to 
86% for subjects who'd received no odor while 
‘ts who got the rose odor either 
aake or while in REM sleep, on the 
‘other hand, showed no memory boost: nor did 
presenting the odor during slow-wave sleep 
help subjects who hadn't been exposed to rose 
3 during the training session, “It's the first study 
E to really demonstrate that one can influet 
memory with stimuli that explicitly activate 
H the hippocampus during sleep.” says Wils« 
3 


now an associate professor at the Massachu- 
setts Institute of Technology in Cambridy 
wings fit with a popular view of 
how the brain files memories away for long- 
§ term storage, a process neuroscientists call 
memory consolidation. According to this 


hypothesis, memories are first encoded by 
the hippocampus and later—perhaps in a 
matter of hours or days—transferred for 
long-term storage to the cerebral cortex. or 
neocortex. Several lines of evidence support 
this scenario, among them the observation 
that many people who suffer amnesia follow- 
ing damage to the hippocampus can still 
recall events and facts learned prior to their 
injury even though they're unable to form 
new memories. In such patients, old memo- 
ries must reside somewhere other than the 
hippocampus. How the brain might transfer 
memories from the hippocampus to the neo- 
cortex isn’t known, but i's assumed to 
require some kind of back-and-forth com- 
munication between the two structures, 
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ple playing a game that required manipulat- 
ing strings of numbers were more than twice 
as likely to have a flash of insight that 
enabled them to solve the problem more 
quickly aftera night of sleep than after a sim- 
ilar time of wakefulness, 

More recently, at a sleep research meeting 
last month at the Salk Institute for Biological 
Studies, Stickgold presented findings suzzest- 
ing that people find missing connections while 
they sleep. His group had volunteers play a 
«card game in which they attempted to predict 
whether it would “rain” based on cards the 
researchers had shown them, The game was 
rigged so that the card with the diamonds, 
for instance, was followed by sunny weather 
80% of the time. Each card had its own rule, 


lam. 


Sam. 7am. 


A study by Wilson and postdoctoral fellow 
Daoyun Ji published in the January issue of 
Nature Neuroscience supports this idea. Wilson 
and Ji found that, much like hippocampal 
place cells, neurons in the visual cortex of rats 
replay firing sequences during slow-wave 
sleep that match their activity during the rats’ 
daytime maze running. Moreover, the scien- 
tists found that the replay in the visual cortex 
happens in lockstep with replay in the hippo- 
campus. “I's the first time we see sequences 
both in the hippocampus and the neocortex 
‘and their coordination in time.” says Maquet 


‘More than memory 

Beyond simply fortifying memories, the 
brain may be sifting through recent experi- 
‘ences during sleep to identify rules about cause 
and effect or other useful patterns. some 
researchers suspect. One of the first hints of 
this phenomenon came from a 2004 Nature 
paper by Bom’s group. They reported that peo- 


but the volunteers did not know the rules even 
existed. As expected. they did no better than 
chance at first. But after 200 predictions, their 
success rates improved. When the subjects 
‘came back 12 hours later to try again, they had 
improved even more—but those who'd slept 
improved about 10% more than those who 
hadn't. Although it’s a modest improvement, 


“there's a growing sense that there's active 
learning during sleep,” says Wilson, 
There'salso increasing evidence that differ- 


cent stages of sleep are involved in consolidat- 
ing different kinds of memory, says Matthew 
Walker. a neuroscientist at Harvard Medical 
School. Spatial memories, like those formed 
by playing Memory or by navigating through a 
maze or virtual town, seem to be consolidated 
during slow-wave sleep. The same appears to 
be true for declarative memories. which 
involve remembering facts—but not necessar- 
ily other kinds of memory. Some studies have 
found thatthe brain processes memories with a 
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strong emotional component during rapid-eye- 
movement (REM) sleep and processes 
memory for motor skills, such as tapping outa 
difficult sequence on a keyboard, during 
stage 2 and REM sleep (see diagram, p. 1361). 
Why this division of labor exists is a puzzle, 
but Walker and others speculate that the differ- 
‘ent physiological and neurochemical milieus 
associated with different sleep stages may 
favor certain kinds of neural plasticity. 

‘Some researchers point out, however, that 
the literature on which sleep stages relate to 
which types of memory is peppered with con- 
tradictions. “There is inconsistency here, and 
someone has to be wrong,” says Jerome Siegel, 
neuroscientist atthe University of California, 
Los Angeles. Stickgold and other proponents 
ofa sleep-memory link acknowledge that they 
face many unresolved issues about the role of 
sleep in memory consolidation, “There are 
massive questions remaining about how exten= 
sive it i, how important itis, exactly which 
stages of sleep affect which types of memory.” 
Stickyold says. 

‘Another wide-open issue is whether there's 
4 link between dreaming and memory-related 
neural activity during sleep. The kind of direct 
replay of recent experience suggested by 
Wilson's work, for example, doesn’t seem to 
be the stulf of dreams. Stickgold’s group has 
found that only 1% t0 2% of episodes from 
dreams reflect events from the previous day. 
If dreams don’t direetly reflect the memory- 
consolidation process, what do they reflect? 
“We're in no man’s land,” says Walker, 


‘Another hypothesis 
Not everyone is onboard with the idea that 
brain activity during steep is primarity about 
replaying recent experiences, Giulio Tononi, a 
neuroscientist at the University of Wisconsin, 
Madison, bas recently advanced a very differ 
cent hypothesis. He proposes that the purpose 
of sleep, at least as faras the brain is con- 
cerned, is to weaken neural connections 
throughout the brain. 
In Tononi’s view: the synaptic connections 
between neurons get progressively stron; 
during the day asa result of long-term potenti- 
ation (LTP), a physiological process by which 
neurons that fire at the same time strengthen 
their connections with each other. 
scientists consider LTP a major mechanism of 
¥ neural plasticity—and therefore of learning 

and memory (Science. 22 December 2006, 
S pp, 1854). Yet a day's worth of LTP can be too 
% much of a good thing. Tononi contends. 
g Stronger synapses increase the brain's energy 
2 needs—a serious concern for an energy 
& hogging ongan thatalready accounts for 20% of 

‘a person's metabolism, Stronger synapses are 
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also bigger, taking up precious space. And 


finally, too much LTP may saturate synapses, 
leaving them unable to get any stronger when 
the brain needs to learn something new 

Sleep restores homeostasis by ratcheting 
down synaptic strengths, Tononi argues. Ita 
far more important service than providing a 
modest boost in memory performance, he 
says. “Sleep is too high a price to pay for the 
15% improvement we see in some things.” 
Tononi says. “I think it does something much 
more fundamental to the neuron: Its the price 
we pay for plasticity.” How might sleep reset 
synaptic strengths? One clue, Tonont says, 
‘comes foma study by Swiss researchers pub- 
lished in the 15 January Journal of 
Physiology. They reported that 
stimulating slices of at brain 
to cause once-per-second 
bursts of neural firing 
induces a type of 
synaptic weakening 
called long-term 
depression (LTD). 

Tononi thinks it's 

no coincidence] 

that the coordi- 

nated neural fi 

ing during slow- 

wave sleep happensat 

this same frequency 

The slow waves, one per 
second, coull induce LTD to 
dial down synapses that got 
too strong during the day. 

Other evidence comes 
from human studies, includ- 
ing one from Tononi’s group 
that found that slow waves 
measured by EEG in sleeping subjects were 
most intense in brain regions involved in keam- 
ing an arm-movement task the previous day. 
That's consistent with the idea that the slow 
waves happen where they're needed most to 
restore synaptic homeostasis. Conversely. 
immobilizing a person’s arm in a sling 
decreases slow-wave intensity in arm-related 
areas of neocortex the following night, Tononi 
andcolleagues reported in the September 2006 
issue of Nanure Neuroscience. 

Tononi also points to a paper Walker's 
group published in Nature Neuroscience in 
January, Those researchers found that under- 

raduate volunteers deprived of a night’s sleep 
\were less able than well-rested peers to learn 
new word pairs the next day. (IMRI scans sug- 
gested that the deficit was specifically related 
to memory—brain regions that modify atten- 
tion and alertness functioned normal 
sleep-deprived undergrads.) With no slow- 
wave sleep to dampen their synapses, the sub- 


Hot spot. EEG recordings during 
sleep indicate peak slow-wave 
activity (red) in brain regions 
involved in daytime tearing. 
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jects were unable o learn as well the nest day. 
Tononi say 

Tononi’s view of the role of sleep is “an 
interesting and intuitive idea.” Walker say: 
He also thinks it’s not necessarily incompat 
ble with the notion that sleep enhances 
‘memory by strengthening the underlying 
synapses, as proponents of the memory- 
replay scenario have generally assumed, “I 
think they could act not just independently 
but synergistically.” 

But not everyone is ready to embrace 
Tononi’s proposal. Says Stickgold: “It’s an 
clegant hypothesis that doesn’t have a lot of 
data behind it 


Bah, humbug 
Those advancing the links 
between sleep and mem- 
cory have other hurdles 
to overcome, One of 
the most disconcer 
ing inconsiste 
cies in the sleep: 
memory 
ature, Siegel 
‘explains, is thi 
studies of total 
sleep deprivation 
have failed to find a 
deleterious effect on 
declarative memory: Like 

Tononi, Siegel also questions, 

whether rel ely modest 

memory benefits offer enough 

of an adaptive advantage to 

compensate for being un 

sponsive for hours a day, “I'm 

just not convinced that there is 
any connection at all” between sleep and mem- 

says, He fawors the idea tha 

evolved to help animals conserve energy for 
their emtire bodies and to prevent them from 
being active at times when they're less likely to 
find food and more likely to be eaten. 

To be sure, memory is not the only fune= 
tion of sleep, counters Stickgold, but the evi= 
dence that itis one function of sleep. at least in 
mammals, is too great to ignore, Once sleep 
evolved, he says, evolution figured out how 
make that downtime as productive as possibl 
Stickgold also argues that the modest 
improvements typically seen in sleep-mem- 
‘ory studies are nothing to yawn at. He is fond 
‘of pointing out that a 15% gap in performance 
is the difference between winning the Boston 
Marathon and coming in 3000th. In competi- 
tive circumstances, small advantages can 
make a big difference. But whatever you do, 
try notto lose any sleep over it. 

GREG MILLER: 
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Did the Olmec Know How to Write? 


IN THEIR RESEARCH ARTICLE “EARLIEST WRITING IN AMERICA” (15 
Sept. 2006, p. 1610), Ma, del Carmen Rodriguez Martinez et al, 
suggest that the inscribed “Cascajal block 

Althos ree with the authors that it is possi 
ec did write, we have stror 


is the first discovery of 


Olmee writin 
ble that the Oln 
ing this artifact and its incised motif. 

1) Being found by persons unknown in a pile of bulldozer debris, 
does not constitute reliable provenance 

2) The block does not fit any known cat 


reservations concern- 


ry of Mesoamerican 


inscribed. ¢, oF jewel, The heart 
land Olmee did not build in stone; therefore, it cannot be 
tectural inscription, Indeed, there are many hundreds of si 
pentine blocks known at La Venta that were used as basal 
nd in the buried pavements, but not a single 


fact; isnot a stela, celt, sculptu 
archi- 


ilar ser 


on earthen platforms 
one of these has engraving or relief carving. The authors’ musi 


about the block being used for practice and repeatedly erased 


(resulting in a concave surface) are farfetched 
3) Known Mesoamerican 
Writing systems are written The Cascajal block, 


either vertically or linearly (or 


Response 

WE THANK BRUWNS AND KELKER 

for articulat 

that others have raised concern- 
he Cascajal block and for ‘Wg 


providi 


us the opportunity to lay 
them to rest 


ee 


Mesoamerica, 
2) The authors claim that 
{t]he heartland Oln 


a combination of the two, as in Maya glyph blocks); they do not ran- 
domly “bunch” glyphs as on the Cascajal block [e.f. (/)} 

4) Many of 
found of 


yphs replicate decorative motifs 
authen- 


ie so-called gl 
ange of lan 


awide anced (i.¢., th 


ly unprover 


ticity is not proven, nor can it be proved) small-scale artifuets, None 
of these motifs in their original context has been identified as a form 
For example, “glyph” # 2/24/38/52 is found as part of the 


on a number of the celts (nos. 116, 117, 118, 


of writin 
ess assemblag 


119) reproduced in Olmec Art of Ancient Mexico (2); “glyph” 
28/58 is found on another celt (no, 114), and “glyph” # 4 is 
inscribed on a stone figure (no. 47) again in the same catalog 
5) What we can only describe as the “cootie™ glyph (if 1/23/50) 
fits no known category of Mesoamerican glyph and, together with 


the context of the discovery, strongly suggests a practical joke, 

KAREN 0, BRUHNS? AND 

NANCY L. KELKER? 

'San Francie State Universty, San Francisco, CA94132, USA. E-mail kbruhns@afsu.edu 

"Middle Tennessee State University, Murttesboro, TN 37132, USA, Email nketker@® 
isu edu 
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that itis 
akey addition 
to the corpus 


see that an additional text appeared on its 
side, this on a sculpture under exception: 
ally thorough scrutiny (7). Therefore, we 


of inscriptions in would not be surprised to learn that other pre- 


viously discovered examples went unnoticed. 
3) The signs form purposeful sequences: 
they do not “randomly “bunch,” as Bruhns 


ec did not build in 


1) The provenance of the block is what it 
is, reported by nonarchagologists but still 
fixed toan area of a few square meters within 
a known ical site in Veracruz 
Mexico, Many other bona fide examples of 
ent writing hi 


ane n less secure find 


spots, including every known example of 
Mesoamerica’s Isthmian Seript and Eg 

Rosetta Stone, Such objects will continue to 
appear in the future, and each will require 
careful study for evidence of reliability. We 
have done this to the extent of our ability 
with the Cascajal block and stand by our con- 
sidered and, to most scholars, valid assess- 


stone: therefore, it cannot be an architectural 
inscription.” Then. intheir next sentence. they 
cite precisely such architectural omaments at 
the Olmee site of La Venta. We now suspect 
that the block may have served such a func- 
tion. Such texts 
Veracruz and the Maya re 
ecuted in st 


especially from coastal 
jon, characteristi- 
ow lines. Indeed, 


the celebrated La Mojarra Stela 1, found in 
circumstances much like of the 
Cascajal block, was housed in the Muse 
for more than a year 


de 


and Kelker assert. The patterns in the Cascajal 
text are spelled out carefully in our paper. 

4) The block contains 
objects with provenance and others that lack 
it. Some of the latter have been known since 
the 19th century (i.e., the “Humboldt Celt”) 
(2). One previously unknown sign (glyph 19) 
appeared years after the discovery of the 


jgns found on 


block in a secure archaeological context at 
Canton Corralito, Chiapas, Mexico (3), All 


known hieroglyphic systems in the world 


raphy or eodif 


relate to pre ono; 
symbolism: new signs appear when w: 


ranted by scribal needs. Any hieroglyphic 
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system that deviated fi 
‘would be not only unique but, indeed, an in- 
explicable phenomenon, 

If the “insect glyph” was a practical 
joke, the jokester was an Olmec, The motif 
is shown three-dimensionally in the diminu- 
tive Monument 43 at San Lorenzo, discov- 
ered and excavated by one of us (Coe) in 
1966 and published by Coe and Diehl in 
1980 (4). 

We reject the author's specific criticisms 
and their implicit claim that the block is a 
modern forgery. However, we appreciate the 
fact that such challenges are the essence of 
scientific enquiry and that they eventually 


lead to truth. We still affirm that the Cascajal 
block is the oldest example of writing in the 
New World and the most important 
finds ever made in Mesoamerica, 
MA, DEL CARMEN RODRIGUEZ MARTINEZ,* 
PONCIANO ORTIZ CEBALLOS,” MICHAEL D. COE, 
RICHARD A. DIEHL STEPHEN D. HOUSTON,* 
KARL A. TAUBE,* ALFREDO DELGADO CALDERON! 
"centro del institut Nacional de Antopologiae Historia 
Benito Jusrez Nimero 425-431, Veracruz, Mexico. 
Ainstuto de Antopologia de ta Universidad Vracruzana 
Juez Nimero 70, Xalapa Veracrt, Mexico. ?376 Ronan 
Steet, New Haven, CT 06521, USA. ‘Department of 
‘Anthropology, University of Alabama, Tuscaloosa, AL 


35487, USA. ‘Department of Anthropology, Brown Uni 
vesity, Providence,RI 02912, USA. ‘Department of Anthro- 
pology, University of California Riverside, Riverside, CA 
92521. USA 
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Hurricanes Not the Key to 
a Sustainable Coast 


IN THEIR DISCUSSION OF THE SIGNIFICANCE 
of wetland sedimentation durin, 
Rita and Katrina, R. E. Tu 
authors concluded that 
bring relatively trivial amounts of inorganic 
sediments into the marsh” (“Wetland 


Hurricanes 
ner and ci 


riverine sources 


sed n from Hurricanes K: 
and Rita,” Reports, 20 Oct. 2006, p. 449), 
Although this new study adds to the body 


of knowledge concerning the role of tropi- 


cal storms in sediment redistribution, the 


Sand overwash on the former location of the coastal 
community of Holly Beach, LA (photo taken 18 
November 2005 by R. E. Turner). 


authors’ conclusion about the unimportanee 
of the Mississippi River in delivering sedi- 
ment to the coast defies all that we know 
about deltas and their sustainability, The 
authors also do not mention that although 
some marshes received sediments, a net 
total of $62 km? of coastal marshes, natural 
© ridges, and barrier islands was, 
ted to open water during the two hurri- 


‘ment deposited by the two hurricanes as hav- 
ing arrived “from offshore.” Resuspension 
and transport of sediments from offshore 
and delta-plain sources by storms are among 
the mechanisms by which sediments origi- 
nally supplied by rivers are distributed 


across the Mississippi and other deltas 
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(3-6). Their samples, mostly taken many 
kilometers inland, were not analyzed in 
4 manner that would enable them to deter- 
mine the source, i¢., offshore or inshore 
water bottoms, barrier islands, oF pre- 
existing marshes. 

The comparison of the sediment benefits 
of hurricanes with the benefits of the 
Caernaryon Freshwater Diversion structure 
by Turner er a, was out of context, since this 
structure was designed in the mid-1980s 
to convey fresh water (not sediments), to 
manage salinities, and to benefit oysters. 
Without major sediment contributions by 
the river, sediments redistributed by storms 
are the dominant sediment source for wet- 
lands. Contrary to the conclusions of Turner 
etal, two ree 
gested that more aggressive diversion of the 
Mississippi River water and sediments is 
needed to build and maintain land in coastal 
Louisiana (7,8). 

VIRGINIA BURKETT,? C, G. GROAT,? DENISE REED? 
US. Geologial Suvey, 700 Cajundome Boulevard, 
Lafayette, LA 71449, USA. “Jackson School of Geosciences, 
University of Tras, 1 University Station C1100, Astin, TX 
78712-0254 USA. !Depariment of Earth and Enviro 


imental Scence, Univesity of New Orleans, New Orleans, LA 
70148, USA, 


t scientific panels have sug- 
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Response 

BURKETT ET AL. ACKNOWLEDGE THAT OFF- 
shore sediments provide coastal marshes 
with inorganic sediments and that our 
on of these sediments “adds to 
the body of knowledge concerning the role 
of tropical storms in sediment redistribu 
tion.” They clearly realize that we made 
comparisons of the quantity of hurricani 
derived inorganic sediments with the 
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amount of inorganic sediments flowing 
over the natural levees of an unconfined 
channel and through crevasses in the con- 
structed levees, but not at the river mouth, 
They take us to task for minimizing 
the contributions of river diversion to 
maintaining wetland coasts, which is an 
approach t joring wet- 
land loss caused by hurricanes. They also 
mention that two recent 
river diversions 

We made our comparisons about sedi- 
ment delivery because its part of building a 
sediment budget for this coast, There are 
published estimates available and various 
management documents that highlight sedi- 
‘ment introductions via diversions as a posi- 
tive attribute (/), We did not examine the 
icant hurricane-induced marsh-to-open 


nels endorse 


water conversions, which may not be per 


manent (2), because that was not our re- 
search objective. 

We offered a hypoth 
clusion, that these new sediments came 
from the shallow water zone immediately 
offshore of the deposition site. The 
Chenier Plain in the western half of the 
state received about 50% of posthurri- 
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nt deposition, it has no lar 


estuarine bays to act as a 
between-hurricane sediment storage site, 
and the newly deposited sediments at 
the oceanic shoreline were mostly sands. 
Burkett er al. offer no alternative hypoth 


sis for the newly deposited Chenier Plain 
sediment sources. Surely the other 50% 
deposited on the deltaic plain is partially 
from offshore sources 

We did not, and do not, make a recom- 


mendation about building river diversions. 


There are many factors influencing such 


management choices, including scientific 
analyses and sociopolitical aspects, We 
trust that reputable science panels and 
insightful administrators mi 


receive, not exclude, new inf 


ight wish to 
ation. For 


example, we agree with Burkett ef af, that 


salinity control at the Carnarvon diver- 


on is a design objective meant to enhance 


‘oyster yields. Would a science panel not 
consider new information indicating that 
oyster yields in the Gulf of Mexico will 
be di 
introductions (3)? 


ished with additional freshwater 


a more robust sediment budget 
for these coastal wetlands can be part of 


the process of making more informed 


decisions. We provided a field-based quan 
tification of the new sediments deposited 
these two hurricanes. Use these data 


and constructively critique the methods, but 


please don’t fear the consequences about 
conclusions not made. 

R. EUGENE TURNER, JOSEPH J. BAUSTIAN,! 

ERICK M, SWENSON, JENNIFER 5, SPICER? 
School of the Coast and Environment, Louisiana 
State University, Baton Rouge, LA 70803, USA 
inlet-Winyah Bay Nationa Estuarine Research Re 
Post Oie Bx 1630, Georgetown, SC 29442, USA 
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Letters to the Editor 


COMPUTERS 


From Whole Earth to the Whole Web 


Henry Lieberman 


ere pretty damn lucky we got the 
Internet we did: a worldwide n 
Work in which almost anybody can 


ul. publish, and program pretty much any- 
thing, It didn’t have to turn out that way. It 
could have been dominated by a few corpo 
tions, spoon-feeding junk-food media to 
the masses, just like television, Or balkanized 
communications providers could have saddled 
users with deceptive ch nesand sti- 
novation, just like cell phones. 


fled twehnical 


That we happened to get such an open 1 
\work was a miracle, But it wasn’t an accident 
ty that built today's 
digital infrastructure did so around a cert 
set of cultural values, among them openness, 


The technical commu 


sharing, personal expression 
and innovation, These were 
core values of the early digital 
pioneers (the hackers), em= 
bodied in what we proudly 
call the “hacker ethic.” Today, 
we take the digital revolution 
for granted and seldom appre~ 
ciate to what extent these values 
were sparked by the 1960s cou 


veded the 


terculture, which pr 
al revolution: countercul- 
eyberculture 
Because of the happy coine 
dence that the corporate and bureaucratic 
establishments of the time understood digital 


5 

F| 

2 

technology so poorly. the hackers were able w 
8 pull off the revolution before the bureaucracy 
§ knew what hit them, Like the fall of commu 
1 an pee i eve pe 
2 really taken the time to fully celebra 
: 

g 

§ 

H 

8 


tory and examine how it happened. 
Fred Turner's fascinating From Counter- 
culture to Cyberculture gives us a detailed look 


‘The reviewer is atthe MIT Media Laboratory, Cambridge, 
1MA02139, USA. Email: leber@media.mit. edu 


From Counterculture 
to Cyberculture 


at one slice through this marvelous story 
Unlike many other histories that focus on the 
technical innovators—the Vin Cerfs, the Tim 
Berners-Lees, the Alan Kays, the Marv 
Minskys—this account focuses on a key player 
whose role was making the counterculture- 
cyberculture connection: Stewart Brand. 
Brand's contribution was reporting on this phe- 
nomenon; theorizing about it; popularizing it 
cheerleading for it; and organizing, network- 
ing, and providing resources for it, Brand artic- 
ied the unspo 
values of the communities. 
It's hard to say exactly what 
he did, but everybody knew 
nd that sure helped. 


Rather 
that swirl around him. It traces 
his involvement with 1960s 


it focuses on events 


communes and conceptual art 
communities. The Whole Earth Catalog and 
magazines served as.a kind of primitive “hard- 


copy Web” of resources that reflected the com 
mon values of both communities and led to 
Wired. The WELL board 
system, wasan influential exam 
ple. attracting both eyberculture 
and counterculture participants. 
Although a casual reader might 
be misled into thinking that 
the WELL invented today’s vir- 
tual communities, blo 
called Web 2.0, it wascertainly a 
step toward these phenomena, 
Brand’s Global Business Ne 
work. a consulting company 
tried to make counterculturaland 
eybercultural ideas accessible to 
high-level corporate planners. 
t thing about this book is th: 
Turner (a former journalist now in the Depart- 
ment of Communication, Stanford University) 
ally took the time to sweat the details. There 
are a myriad of fascinating little historical 
details that he dug up that will surprise and 
ten even the key players in the drama 
‘who pick up this book. He doesn't alway’ get 
Twon't quibble with va 
‘ous inaccuracies from my personal knowled 
but only say that it shouldn't be the only book 
you read on this subject. Sometimes Turner's 
‘account has that not-wrong-but-not-quite-the- 


an early mess 


and so 


SCIENCE 


4 of a tourist sharing cultural 

perceptions afier reading a guidebook and a 

week's tip. 
First of all, 


whole-story fi 


10 back to at least some of the 


ss might 


never have seen a Whole Earth Catalog. They 
may not get what the fuss is about just from 
reading Turner's descriptions and the book's 
fuzzy reproductions of two pages. Ted Nelson's 
Computer Lib/Dream Machines (1), dismissed 
by Turner in a single sentence, drew the coun- 
terculture-cybercult n even more 
explicitly than Whole Earth, Steven Levy's 
Hackers (2) is also a must. Brand's own short 
and inspiring “Spacewar: Fanatic Life and 
Symbolic Death Among the Computer Bums” 
(3) simply says ital 

Whereas Brand is all about enthusiasm, 
Turner's writing is in the dry and detached 
style of a sociology thesis, Brand is a terrific 
\riter, but Turner is no Brand. So, bring your 
‘own enthusiasm to the book, fom your own 
experience in the eyberculture, the counter 
culture, or both, But when you're ready to 
understand how that enthusiasm wot us to 
‘where we are today, read Turner 
To get you started, I'll leave you with 
ands introduction to the “Fanatic Lite” 
piece (3) 


conne 


Ready or not, computers are coming to 
the people, 


That's good news, maybe the best si 


clies, I's way off the track of the 
‘Computers—T 


1 Menace?” school 
of liberal criticism but surprisingly in 
line with the romantic fantasies of 
the forefathers of the science such as 
Norbert Wiener, Warren McCulloch, J. 
R. Lieklider, John von Neumann and 
Vannevar Bush, 


The trend owes its health to an odd arn 


of influences: The youthful fervor an 


firm dis-Establishmentarianism of the 
freaks who design computer science; an 


astonishingly enlightened research pro- 


gram from the very top of the Defense 
Department; an unexpected market- 
flanking movement by the manufacturers 


‘of small calculating machines; and an ir= 
repressible midnight phenomenon known 
as Spacewar 
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ENDOCRINOLOGY 


Many Players in the 
Concerto of Sex 
Sandra Eder 


physiologist Charles-Edouard Brown- 
‘Séquard announced that he had “rejuve- 
nated” himself with injections of 


I: 1889, the elderly and eminent French 


sticular 
extracts of dogs and guinea 
This episode marks the sl 
embarrassing commencement of 


tly 


modern endocrinology, a be 


ning that clinical endocrini 
Hans Lisser in 1957 still re 


logist 


as “calamitous.” (Embat 


because Brown-Séquard died in 
1894, only a few years after his 
famous self-experiment, His reju- 
venation had not been as success- 
ful as claimed, Calamitous, t 
cause the contempt and ridicule he 
arly killed the buddin 
Not surprisingly, this aspect of endoerinolog: 
put on the front pages of 


aroused n seienee.) 


cal science was ne 
the official annals, 

It does, however, open Chandak Si 
goopt 


\lo- 
crinology, The Most Secret Quintessence of 


's masterly new history of sexual 


Life. Examining 2 century's scientific and 


popular fascination with endocrine glands and 


their effects on the body. Sengoopta (a histo~ 
rian of medicine and seience at Birkbeck 
College, University of London) concludes 
that in the end, it was all about sex. Sex was 


at the center of life, vitality, and energy. 
and fora time, glands seemed to hold the keys. 


to it, This focus on sex allows Sengoopta to 
follow multiple historical relationships, par- 


ticularly those between cl nd basic 
scientists and between biomedicine and the 
Wider popular culture 

‘These relationships were dynamic. In the 
1920s, the golden 
laboratory work wa 
driven by clinical 
clinician's hegemony waned as the star of 


of the sex gl 
done by clinicians. 


basic biochemistry research rose. Sen 


shows, however, that the clinician 
new power as the authenticator of the newly 
purified hormonal extracts. Throughout, the 
engineering aspect of scientific medicine 


shaped research on the sex glands and its 
clinical applications. 


The reviewer i atthe institute ofthe History of Medicine, 
Johns Hopkins University School af Medicine, Baltimore, 
MD 21205-2169, USA. Ema sederl @jbmi edu 
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Often, cultural influences were more im- 
portant than scientific advances in changing 
clinical practice or values. Take sex a 
nism for example. In the 1910s, the renowned 
Viennese physiologist Eugen Steinach’s e 
periments led him to believe that male and 
female sex glands were in direct opposition to 
fone another, thus establish 


the concept of 


traces the scientific discourse that under- 
mined Steinach’s model 
of functionally opposed 
sex glands, such as Dorothy 
and Carl Moore’s 
1932 announcement of a 
feedback loop between the 
pituitary and the gonads and 
Bernhant Zondek’s 1934 
discovery of estrogen in the 
urine of a stallion, 

By the 1940s, endocri- 


Se 


nce of Life Price 


wgoopta 


nologists saw the model as oversimplified: 
androgens and estrogens were found in both 
women and men. As Sengoopta aptly puts it 

‘most authorities had, by the end of the thir- 
ties, come to regard the gonads a 
instruments in the concerto of sex, essential 
but not sufficient in themselves to endow the 
body with virility or femininity. Other instru- 
ments had to work in harmony with them 
under the baton of a conductor: the e 
pituitary gland.” 


the solo 


matic 
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Nevertheless. the old concept of sexual 
antagonism persisted in the daily practice o 
the clinic. In the 1940s and 1950s, endocrinol- 
ogists studied the relation between hormones 
and cance! for example, was 
thought to be caused by estrogens. If hor- 
mones could cause it, could they also cure it? 
Steered by empirical therapeutic research 
(guided by clinical results rather than bio- 
chemical or physiological findings), clini~ 
cians recommended androgenic and anti- 


Breast cancer 


estrogenic treatmer shows how 


s. Sengoop 


the reasoning behind these admittedly suc~ 
ndocrine treatments of br er 
was driven by an outmoded conception that 


assumed that the opposite hormone acted 
nthe body 
popta’s exploration of the rel 


among the intersecting forces of science, 
clinic, and culture deepens our understanding 


of the development of modern endocrinolo 
Research on sex glands was shaped by the eli 


nicians’ therapeutic optimism and an interest 
in the physiological engineering of the 
human body. Even as scientific ideas 


were disproved and corrected, certain 


themes.and agendas remained central to 

endocrinological research, The 1940s 

concern with the relationship between 

d hormones sounds strikingly 
ng recet 

hout the connection 


modern, consider 
licized debates 


between hormone replaceme' 
for menopausal women and breast 


cancer, The use of hormones to combat 
the aging process did not die with 
Brown-Séquard. It was popularized by 
Steinach 30 years later, and today anti- 
aging hormones again capture the 
public’ attention 
Sengoopia takes the se 
past seriously and on its own terms, 


nee of the 


refusing to evaluate its findings or 
judge its values by 2 Ist-century stan- 
dards. At first glance, this might disap- 
point anyone but historians. After all, 
why should we read about scientific 


theories that have been proven wrong? 
c ply, modern science is influ- 
enced not only by those theories that are 


proven correct. It is also profoundly affected 
by its reputedly wrong, strang 
past. Sometimes “false” sci 

produce the right treatments. Sometimes they 
adition that shapes entire 


or obscure 
fic the 


inspire a research 
disciplines, In The Most Secret Quintessence 
of Life, endocrinology emerges as part of a 
process, of'a dynamic relationship among cul- 
tural, clinical, and scientific forces rather than 
as facts waiting to be discovered. 
10.1126/science.1139058 
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CLIMATE CHANGE 


CO, Arithmetic 


Wal 


0 S. Broecker 


buildup of the atmospheres CO, content, 

we must make a first-order change in the 
‘way we view the problem, Most policies that 
have been discussed, including cap-and-trade 
systems and the Kyoto treaty, have treated the 
problem exclusively in terms of incremental 
reductions in CO, emissions. These, however, 
‘ill not stabilize atmospheric CO, levels; they 
only slow the rate of increase, Instead, to actu- 
ally stop the increase, we must develop the 
concept of what might be called a “carbon 
pie.” Currently, foreach gigatons (Gt) of fos- 
sil carbon burmed, the atmosphere’s CO, con- 
tent rises about | ppm: including det 
tion, we now emit about 8 Gt of carbon per 
year. Further, this four-to-one ratio will only 
‘change slowly in the coming decades. Hence, 
if we seta desirable upper limit on the extent 
to which we allow the CO, content of the 
atmosphere to increase, then this fixes the size 
of the carbon pie. If, for example, this limit 
were to be double the preindustrial CO, 
amount (i. 560 ppm), then the size of the pie 
would be 720 Gr of carbon [ie.. 4 x (560 
380)]. Were the limit to be set at 450 ppm, the 
size of the pie would be only 280 Gt 

Once the size of pie has been established. 
each of the world’s nations would be allocated 
a slice. In an ideal world, the size of these 
slices would be based on population. In this 
cease, the world’s rich countries would get only 
about 20% of the pie. Ifthe limit agreed upon 
were 560 ppm, then the rich nations’ share 
would be about 150 Gt, As these countries 
together currently consume about 6 Gt of fos- 
sil carbon per year, if they continued at this 
pace, their allotment would be consumed in 
just 25 years. Fac limit, 
these rich nations would be forced to rapidly 
reduice its emissions (see figure, above). Poor 
nations would be able to sell portions of their 
pie slice to the rich countries and still have 
enough left to permit them to industrialize. 

Ifthis scenario were to be implemented, 1 
find it highly unlikely that any combination of 
increased efficiency in energy use, implemen- 
tation of non-fossil fuel energy sources, and 
capture of CO, produced in coal gasification 
plants would be capable of meeting the 


|: we are ever to succeed in capping the 
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required reduction schedule: An 
additional element would be neves- 
sary. The gap (see figure, right) 
between actual and allowed emi 
sions would have to be made up 
either by purchase of CO, allocated 
to poorer nations or by burial of 
CO, captured from the atmos 
phere. Stemming the rise in CO, 
‘would require participation of rap- 
idly industrializing nations such as 
China and India. Under the pie 
concept, there would be an incen- 
tive for them to join for they would 
have a considerably longer period 
of time to adjust their CO, emis- 
sions than rich nations, The sooner 
uch an agreement was put into 
force, the better the situation would be for 
these nations. Until this is done. the size of the 
carbon pie will continue to shrink at arate of 
70 10 80 Gt per decade. 

Because CO, sales would serve only as a 
temporary stopgap, capture of CO, from the 
atmosphere would be necessary. CO, capture 
from the atmosphere is feasible, but has yet to 
be implemented, and faces several technol 
al challenges. If the CO, carried by the air 
streams used to drive wind turbines were to be 
captured. then on an energy-equivalent basis, 
the physical dimensions of the CO, capture 
devices would be only 1% of the sweep of 
the turbines (/). In other words, in a sense, 
air streams carry 100 times more CO, than 
kinetic energy 

In addition to allowing the gap between 
actual and permissible emissions to be 
filled, air extraction has other attractive fe 
tures. (i) It could be done at sites far from 
population centers and close to the sites of 
CO, storage. (ii) Once the rise in CO, had 
been stemmed, the CO, content of the 
atmosphere could be drawn back down to 
alevel at which the earth's ice caps were sta- 
bilized. (it) It would provide a mechanism 
by which the thorny issue of compensation 
for past CO, emissions by richer nations 
could be negotiated. 

While there is no question that CO, cap- 
tive Steen the atmosphere is doable, the cost fs 
still unknown. Capture would be affordable 
it caused the price of fossil fuel ene 
increase by 10 to 30%. However, a large fra 
tion of the operating cost would be forthe pur- 
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2010 
Hypothetical scenario for use by rich nations of their 150-Gt 
‘wedge of the carbon pie. As time passes, the excess of fossil-fuel 
burning over the diminishing permissible emission limit will likely 
‘grow, requiring an increase in the amount of CO, to be captured 
and buried. 


Strict emission limits will be necessary if 
the rise in atmospheric carbon dioxide is 
to be stemmed, 


£0, released 
0 atmosphere 
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chase of the energy required to accomplish 
the capture and burial. IT'the cost of sufficient 
fossil fuel to generate this enemgy is too high, 
then this strategy would be impractical 

The largest of the costs associated with 
air-capture will be those associated with the 
release of the CO, from the capture material 
and with the recycling of any chemicals used. 
As sodium hydroxide, an obvious choice, 
holds onto CO, too tenaciously, a better 
option would be a material that would be able 
to pick up CO, but would release it more 
readily. Regardless of what material is to be 
used itis absolutely essential that research on 
capture and sequestration be carried out to 
determine whether the energy costs ean be 
brought down to an a le evel. Capture 
from coal gasification plants should also be 
implemented. 

In the present political climate, any at- 
tempt to achieve an agreement on either the 
size of carbon pie or its allocation among the 
world’s nations would be difficult, However, 
unless we advance beyond thinking only in 
terms of conservation and alternate sources 
and begin to think in terms of a carbon pie, we 
will have no chance to stop the rise in atmos- 
pheric CO, 
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PHYSICS 


Watching Rush Hour in the 
World of Electrons 


Jan Zaanen 


uring te ast dese, voto ss 
D: nfl nour understanding 
ofthe behavior of eects in slide 


Quantum mechanics rules inthis microscopic 
world, and researchers assumed thatthe smear 
ing and averaging effects of the quantum 
‘motions would render this behavior exeeed- 
ingly simple, In studying high-transition tem 
perature (T,) superconduetivity in copper 
oxides, however, physicists found instead that 
the electron systems in these materials were 
‘exceptionally complex. On page 1380 of this 
issue, Kohsaka et a. (/) present an experit 


tal breakthrough, studying the electron system 
on the surface of copper oxide supercondhictors 
by means of scanning tunneling spectroscopy 
By cleverly exploiting the effects of the elec- 
tron interactions, they manage to probe the 
electron traffic directly, They discover a work 


of amazing richness, shaped by the quantum 
motions of the electrons forming complex 
spatial patterns 

A main effect of strong interactions in the 
classical world is well known to anybody liv- 
ing in a metropolitan area; When the density 


of ears becomes too high during rush hour, the 
tralfic comes to a standstill. The same phe- 

omenon should occur with electrons in 
solids, but the weirdness of quantum physics 
interferes. Electrons should execute continual 
quantum motions, and these are so violent in 
| metals and superconductors that 
the effects ofthe interactions are washed away 
In this regard, the electron systems found in 
high-7, superconductors are exceptional. Due 


convent 


to the strong potentials exerted on the etee- 
trons by the crystal lattice of copper oxide 
planes, the quantum motions are hindered to a 
degree that the electron traffic might even get 
completely jammed. Copper oxides in their 
pristine state are thus insulators and, in order 
to tum them into (super}conductors, one has 
to remove electrons by chemical doping (that 
is, the addition of impurity elements). 

The electron motions in these doped 
‘cuprates can be viewed as quantized stop-and- 
go traffic, Stop-and-go traffic in our world 
tends to develop complex collective patterns, 
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‘An improved imaging technique reveals that 
electrons in a material can suffer gridlock like 
‘ars in a city, This may help researchers 
understand the mechanism by which currents 
flow without resistance in superconductors. 


Traffic patterns. Scanning tunneling spectroscopy can directly probe the spatial distributions ofthe electron 
‘motions in the copper oxide layers of a high-7, superconductor. The patterns an be viewed as a quantum ana- 
{ag of stop-and-go traffic, self-organizing into one-dimensional highways where the electron traffic flows 
telatively freely, separated by severely jammed areas. Locations of copper and oxygen atoms are shown below 


the image of election flow. 


similar happens with the elec- 
Iculations, physicists found that 


and somethin 
trons, In 


electrons moving around in the copper oxide 
nes tend to arrange themselves in one- 
nensional “highways” where they mene rather 
ily, surrounded by insulating domains (2), 


‘and in recent years experimental support was 
found for the existence of such stripe pattems 
(3). There are indications that they eccur in 
sood superconductors as fluctuating patterns 
(3.4). while in some cuprates they actually 
come to a standstill, likely due to imperfec- 
tions in the crystal lattice having an effect sim- 
ilarto roadwork on our highways. These static 
stripes are clearly observed in both neutron- 
scattering (3) and resonant x-ray-scattering 
experiments (5), but these experiments only 
pick up average properties of the stripes. 
Researchers would like to view them in real 
space (as opposed to the reciprocal space 
of diffraction), and this is exactly what 
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Kohsaka eral. claim to have accomplished, 
How do Kohsaka er a/. manage to probe 
these electron structures? They use scannin 
tunneling spectroscopy, a technique that me 
sures the quantum mechanical probability of 
adding or removing an electron at a specific 
location ata given energy. In strongly interaet- 
ing electron systems like those of the high-7. 
superconductors, this probability is very hard 
to interpret. Kohsakit et al. have found a way 
around this difficulty, based on a clever but 
simple idea of Anderson and Ong (6) that 
exploits the effects ofthe strong electron-eles 
tron interactions. To understand the essence of 
the idea, one just needs freeway experience: To 
xy with stop- 
nce, wher 


merge from the ramp on a freen 
0 traffic requires pat 
to spot an exit sign. The same effect 
‘occurs inthe stop-and-go electron system: Itis, 
much easier to remove electrons than to add 
them. To obtain the overall probability of either 
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removing or adding an electron, one has to 
simply integrate the tunneling current for a 
positively charged tip (pulling electrons out) 
and fora negatively chanzed ip (injecting elec- 
trons) over a sizable voltage range at a given 
location, and by taking the ratio of these quan- 
tities one obtains a map of the electron traffic. 

‘As shown in the figure, the bright areas are 
where the electrons move around relatively 
freely, and the dark regions are where the elee- 
tron traffic is jammed. The image has atomic~ 
scale resolution, and itis clear that the mobile 
electrons have a preference for oxygen over 
copper. Zooming out to the nanometer scale, 
‘one clearly discerns the stripes, the “rivers of 
charge” separated by insulating regions, while 
‘on an even larger field of view these tur into a 


plassy patter (J), illustrating the sensitivity of 
the stripes to disorder in the erystal lattice (3). 
There is actually much more going on in these 
mages than is apparent at a first glance, andthe 
million dollar question is whether these sub- 
Ueties reveal anything about the origin of super- 
conductivity at high 7,, This is still as much a 
mystery as t was 21 years ago when it was dis- 
covered (7,8), Itis believed that, as in normal 
superconductors, the electrons bind in pairs 
that subsequently undergo Bose condensation 
that causes the superconductivity. It might well 
be that the images obtained by Kohsaka er al. 

are about electron pairs coming to a partial 
standstill, instead of the electrons themselves. 
‘When I stare with my trained eyes at the images 
I sce these pairs everywhere, This might well be 
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an illusion, but by combining the present tec 
nique with the energy-resolved spectroscopi 
information, it should be possible to generate 
hhard evidence for the reality of these paits. 
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BIOCHEMISTRY 


A New Target for Antibiotic 


Development 


Gerard D. Wright 


he discovery and clinical 
| development of penicillin 
ushered inthe modern 
antibiotic era and stimulated the 
discovery of the antibiotics in eur- 
rent clinical use, Some 80 years 
after their discovery, penicillins 
and related antibiotics (collectively 
called B-lactams) remain clinically 
useful, Nevertheless, the remark- 
able teria to develop 
resistance to B-lactam and other 
antibiotics means that there is a 
continued need for new antibiotic 
targets and new antimicrobial 
agents, On page 1402 of this issue, 
Lovering etal. (/)report the erystal 
structure ofa bifunctional bacteria 
‘membrane protein that provides target sites not 
only for elactams but also for new antibioties. 
Penicillin and other B-lactam antibiotics 
target several bacterial enzymes, collectively 
termed penicillin-binding proteins (PBPs), 
PBPsare necessary forthe growth and mainte- 
‘nance of the peptidoglycan layer, which forms 
part ofthe bacterial cell wall and protects the 
cell from osmotic stress. Inhibition of peptido- 
glycan biosynthesis and of its controlled 
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Peptidogiycan polymer outside the cell 


breakdown (for example, to enable partition of 
the cell wall during cell division) therefore 
inhibits cell growth. Because the peptidogly- 
neris ubiquitous and essential to bac: 
its assembly and maintenance are 
tangets for many antibiotics (2). 

The peptidoglycan consists of a backbone 
chain of repeating two-sugar units (called 
NAG and NAM) and a pentapeptide chain 
bound to each NAM (see the figure). The 
NAG-NAM-pentapeptide core (called lipid 11) 
is synthesized in the cell and tethered to the cell 
membrane by a lipid linker. Lipid Il is then 
transferred from the inside of the cell to the 
outside, where membrane-associated glyco- 


The crystal structure of a bacterial membrane 
protein may guide the development of new 
antibiotics that interrupt a previously 
neglected molecular target. 


Beyond peniciltins. Bacteria use a 
peptidoglycan layer to protect them= 
Selves from osmotic stress, Synthesis of 
this layer proceeds in several steps. 
First, lipid I is synthesized in the cell 
Iis then transferred to the outside, 
‘where itis added to the peptidoglycan 
polymer by membrane-associted trans 
alycosylase enzymes. Finally, the poly- 
mer s cross-linked via interstrand pep= 
tide bonds catalyzed by transpeptidase 
enzymes. Lovering et al. now report 
the three-dimensional structure of 
a bifunctional transglycosyase-trans- 
peptidase. The structure should aid 
development of new antibiotics target- 
ing the transalycosylation domain, 


syltransferases assist in grafting it 
‘onto the polymer. Transpeptidases catalyze the 
formation of peptide bonds between polymer 
strands, thereby making the wall more rigid. 
These tasks are performed by bifunctional 
‘enzymes that contain glyei 
transpeptidase domains; the latter are sens 
to Brlactams. 

Previous studies ofthe final steps of pepti- 
doglycan biosynthesis have tended to focus 
on the transpeptidase stage of assembl 
However, the inhibition of transpepti 
activity by penicillins is only half the story, 
and the glycosyltransferase activity of the 
bifunctional enzymes isan excellent target for 
the development of new antibiotics (3, 4). 
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The bifunctional enzymes include PBPIb 
from Escherichia coli and PBP2 from 
Staphylococcus aureus. Despite their impor- 
tance to bacterial physiology and drug discov- 
ery, they have resisted detailed study, mainly 
because these lange membrane proteins re dif- 
ficult to purify, assay, and crystallize (3). 
Lovering er al, have now overcome these 
‘obstacles and report the first three-dimen- 
sional structure of PBP2. As the authors point 
‘out, this structure is regarded as the holy grail 
for antibiotic drug discoverers and bacterial 
physiologists. 

‘As predicted, the structure is divided into 
two separate lobes connected by a linker. The 
C-terminal transpeptidase domain is posi- 
tioned on the outside of the cell, where it can 
find its substrate (the pentapeptide chains). 
This is also where the hydrophilic B-lactam 
antibiotics can interact with the enzyme and 
block its function, In contrast, the N-terminal 
transglycosylase domain interacts with the 
‘membrane whereits lipid I substrate is located. 
‘The structure of this domain does not resemble 
other known glycosyltransferases. Rather, itis 
related to bacteriophage 2 lysozyme, which 
cleaves the peptidoglycan glyeosy! bond—the 
reverse reaction of synthesis (5). 


Lovering et al. have also determined the 
structure of PBP2 in complex with moeno- 
mycin, an antibacterial glycosyltransferase 
inhibitor that is mostly used in animal health 
(4). Moenomycin is one of a very few antibi- 
otics discovered thus far that target the glyco- 
syltransferase reaction in peptidoglycan 
biosynthesis. The new observations provide a 
starting point to engineer this antibiotic for 


use in treating human infection. The glyeosyl- 
transferase reaction is a promising antibiotic 
target, with moenomycin 1000 time 


as vancomycin, a glycopeptide antibiotic that 
also targets peptidoglycan synthesis, 

The structure of the complex reveals that 
the glycosyltransferase jaw closes down on 
the sugar" warhead” of the antibiotic, forming 
‘tions with a number of amino: 
acids and accounting for its tight affinity for 
the enzymes. The lipid tail of the antibiotic 
likely directs the warhead of the antibiotic 10 
the membrane for interaction with the target 
lycosyltransferase, The orientation of the in- 
hibitor in the enzyme active site also answers 
the important question of whether lipid I is 
the donor or the acceptor in glycosyl bond 
formation, The structure is only consistent 
with the Latter, 


The three-dimensional structure of PBP2 
therefore provides answers to long-standing 
questions of bacterial biochemistry, physial- 
ogy, and antibiotic activity. What’s next? 
‘Weare clearly in need of new antibioties to 
‘overcome the problem of antibiotic resistance 
and the emergence of new infectious diseases 
(6). A major challenge in the development of 
new antibiotic agents is the ability to identify 
new targetsand to creatively continue to exploit 
the collection of proven ones. The structure of 
PBP2 provides an opportunity to revisit an 
“old” tanget with new tools. This is a break~ 
through in a field that has been bereft of 
‘means to fully explore peptidoglycan biosyn- 
thesis with modern strategies in drug discovery. 
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CELL BIOLOGY 


What a Cell Should Know 


(But May Not) 


Ted Weinert 


turing the normal cell cycle, DNA 
D=« ion is completed before the cell 
divides (mitosis). How the cell ensures 
that mitosis always follows DNA replication is 
the subject of a study by Torres-Rosell and 
colleagues on page 1411 of this issue (/). 
Investigators have long known that cellular 
controls called checkpoints act as surveillance 
‘mechanisms to guarantee that each event dur- 
ing the cell cycle is completed before the next 
cone begins (2-4), But the findings of Torres- 
Rosell ef al. suggest that this is not always the 
case, and pose the heretical possibility that the 
cell may be blind to whether it is really done 
replication before mitosis begins, 
A key point is that checkpoints coordinate 
cell eycle events by detecting errors in chro- 
mosome structure. For example, the spindle 
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checkpoint, which is required for proper chro- 
‘mosome segregation, detects chromosome 
detachment from a cellular structure called 
the mitotic spindle, DNA damage checkpoints 
detect broken chromosomes. When activated, 
either checkpoint blocks mitosis, allowing 
time for errors to be corrected. Thus, these 
checkpoints ensure that mitosis takes place 
only when chromosomes are intact and prop- 
erly assembled on the spindle. 

‘A simitar but distinct problem is how a cell 
coondinates the completion of DNA replication 
with the onset of mitosis. The well-known 
DNA replication checkpoint triggers a delay in 
mitosis upon detecting damaged or stalled 
replication forks (DNA regions where replica- 
tion is taking place) (5) (see the figure). How- 
ever, it may be quite a different task forthe cell 
to determine if normal replication forks have 
completed their tasks before mitosis. One 
would predict that such a control must exist 
because of the likelihood that an occasional 


‘Normal yeast cells may not know whether DNA. 
replication is complete before starting mitosis. 
How does the cell cycle progress in an orderly 
‘manner? 


replication fork, of the many that are formed 
(400 in a budding yeast cell) (6), might mis- 
takenly persist late into the cell eyele, up to the 
time of mitosis [DNA replication occurs during 
'S phase, but late replication might occur atthe 
end of the G, phase that follows (see the fig- 
ure)}. Such a “DNA replication-completion 
checkpoint” is considered unique because it 
would detect a normal structure present at the 
wrongtime. Indeed Torres-Rosell eral. discov 
cred a mutant yeast cell that they angue contains 
normal replication forks at the wrong time. 
Despite the presence of the forks. cells proceed 
into mitosis, with consequential chromosome 
missegregation. The authors reasonably con- 
clude that normal yeast cells do not contain a 
DNA replication-completion checkpoint. 
Torres-Rosell er al. tested the idea of a 
DNA replication-completion checkpoint by 
studying the ribosomal DNA (rDNA) locus, 
‘Which in a budding yeast cell consists of ~150 
repeats of (DNA genes in one region of chro- 
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mosome XIL. Their test was made possible 
virtue of special features of DNA replication 
at this locus, Each of the 35S genes in the 
FDNA locus contains a replication fork barrier 
site, to which binds a protein called Fob! (7). 
This site of interaction is located downstream 
of the highly transcribed 35 rDNA gene and 
enforces polarity to replication fork move- 
‘ment; that is, replication forks replicate only 
in the direction of 35S transcription but not in 
the opposite direction, 

By tagging chromosome XII with a green 
‘fluorescent protein, the authors observed that 
the rDNA locus missegregates in cells that 
express mutant forms of proteins that nor 


| 


6, 


concern stems from the use of the replication 
fork barrier site-containing locus endemic to 
the FDNA region. Because of the barrier site, 
the numberand structure of normal forks inthe 
FDNA region in se6 mutants at the time of 
mitosis is also unclear. Second. the use of'smicé 
mutants to generate late replication is also of 
concern, Why this region replicates late in 
'sme6 mutants isunknown. and there isthe nag- 
«ging possibility that a DNA replication-com- 
pletion checkpoint requires SmeS and Sme6 
proteins. Recent evidence in the fission yeast 
Schizosaccharomyces pombe suggests that 
Sme¢ and an interacting protein, Rad60, have 
roles in replication forks and replication-asso- 


PERSPECTIVES L 


because there is no DNA replication-comple- 
tion checkpoint, 

Ifthere is no DNA replication-completion 
checkpoint, how might a cell make fairly sure, 
‘without being certain, that mitosis follows the 
completion of DNA replication? One idea is 
that the cell relies on innate timing of mitosis 
‘and replication. In this model, as a cell exits 
G, (the growth phase of the cell eyele), iteom- 
mits to a specific time for replication in S 
phase and for the beginning of mitosis. 
Evidence in budding and fission yeasts indi- 
cates the existence of a timing mechanism that 
is independent of DNA replication, Mutant 
‘yeast cells that cannot initiate DNA replica 


Order, order, order, (Top, left) The cell division cycle allows replication of DNA belore its segregation into daughter cells. (Top, right) The sequence of events is 
ensured by checkpoints that sense DNA integrity and stalled or damaged replication structures. (Bottom) The order may also be ensured by a DNA replication 


completion checkpoint (dashed line). 


mally concentrate at the rDNA locus (8). Those 
proteins—SmeS and Sme6—belong to a class 
‘of molecules called cohesins and condensins 
that organize chromosome structure (9). The 
key observation by Torres-Rosell ef af, is that in 
yeast cells lacking functional Sme6, DNA 
replication forks in the rDNA locus persist as 
cells enter mitosis, And itis late replication, not 
the sme6 mutation per se, that causes the 
“observed chromosome missezregation. When 
the authors disabled the “stalling™ activities of 
the replication machinery such that replication 
forks were unimpeded in the (DNA region, 
chromosome segregation was nearly normal in 
the sme6 mutants. Overall then, because a.smc6 
‘mutant cell contains DNA-replic: 
tures that do not block mitosis, it wasconcluded 
thata DNA replication-completion checkpoint 
may not exis. 

Is this the last word on the existence of a 
DNA replication-completion checkpoint? 
Probably not. Two details about the elegant 
system used by Torres-Rosell et al. may cause 
concern about the generality of their conclu- 
sions. First, it is unclear what fraction of the 
DNA-replication forks that persist into mitosis 
resemble “normal” replication structures. This 


ciated checkpoint signaling (0, 1). Torres: 
Rossel et al. do show that smc6 mutants are 
proficient for DNA damage and replication 
checkpoints, Butthe generality oftheir conchi- 
sions must be tempered with theie analysis of 
the locus and mutants that were needed to ask 
the question. 

There is also a report suggesting that a 
DNA replication-completion checkpoint does 
exist (/2). Van Brabant ef af. constructed a 
lange artificial yeast chromosome that took 
longer to replicate than the duration of S 
phase. Cell eyele kinetics indicated that this 
delayed entry into mitosis. Both Torres-Rosell 
etal, and van Brabant etal. crafted special sit- 
uations to generate late-replication scenarios, 
raising questions about the generality of their 
conclusions, 

The debate over a DNA replication-com- 
pletion checkpoint will continue, and until 
resolved. one can speculate on the conse- 
‘quences of not having such a control. There is, 
the case of mammalian fragile sites, speci 
regions in chromosomes that replicate late and 
are prone to break in mitosis (/3). Pethaps 
fragile sites break because they contain normal 
forks late in G,. Cells enter mitosis anyway 


tion exit G,. but do not subsequently replicate 
DNA, and yet still enter mitosisas if it were a 
normal cell cycle (/4. 15), The cell thus relies 
‘on the timing of DNA replication and mitosis, 
to get the job done, If this is the case, what the 
cell doesn’tknow may not hurt enough forit to 
have evolved a mechanism that, as the present 
work argues, in fact does not exist. 
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IMMUNOLOGY 


Eating In to Avoid Infection 


Caetano Reis e Sousa 


iral invasion elicits a quick and pow- 
\ ] erful immune response by the host 
‘onganism, designed to limit pathogen 
spread. The molecular mechanisms that sense 
Viral presence and couple it to the production 
of eytokines—factors that coordinate immu- 
nity —are being rapidly unraveled, On page 
398 of this issue, Lee er al. uncover an 
intriguing new dimension to viral sensing that 
involves autophagy, the process by whichcells 
normally dispose of effete organelles and pro- 
teins to maintain homeostasis (/). Through 
autophagy, the operation of two classes of 
viral-sensing receptors overlap and are not 
ict as previously thought. 
Organisms sense unwanted virus through: 
‘nwo basic strategies that rely on detecting for= 
eign nucleic acids. One strategy, shared by all 
nucleated cells, involves host receptors in the 
éeytoplasm that recognize RNA (and probably 
DNA) from viruses (2). When activated, these 
receptors promote the expression of many 
‘genes, including type I interferons (IFN-co), 
eytokines that are critical for viral resistance. 
The other strategy is restricted to fewer cell 
types, most notably of the immune system. It 
relies on a subset of receptors of the Toll-like 
receptor (TLR) family. including TLR3, TLR7, 
TLRS, and TLR9. These receptors can access 
the endosomal compartment and sense nucleic 
acd of viruses that have been engulfed by the 
host cell through the process of endocytosis (2) 
The endosomal system can effectively be 
considered a topological continuation of the 
extracellular space. In this sense, TLRs pres- 
ent in endosomes are thought to recognize 
viruses present in the cell's extracellular 
milieu. This means that. 
system that relies on cytoplasmic receptors, 
the endosomal TLR system can detect virus 
independently of act 
aan “exogenous” recognition pathway (see the 
figure), Indeed, activation of endosomal TLRs 
by noninfectious inactivated viruses has been 
observed (2). What Lee et al, demonstrate is 
that this exogenous pathway is not the only 
mechanism by which cells can use TLRs to 
detect viral presence. The authors noted that 
for some viruses, such as vesicular stomatitis 
Virus or Sendai virus, infection of murine 
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Detection of replicating virus involves a 
cellular process that normally maintains 
balance between production and turnover 
of cellular structures. 


Detecting viral infection. Through an exogenous pathway, RNA within internalized virions is detected by a 
Toll-like receptor 7 in endosomes after digestion of the viral envelope and capsid proteins by host cell 
‘enzymes. in the endogenous pathway, autophagy performs an analogous function to endocytosis, ransler- 
£ing viral RNA from the cytoplasm to intracellular compartments containing Tol-ike receptor 7. 


plasmacytoid dendritic cells, specialized cells 
fof the immune system, elicits more IFN-o. 
production than treatment of the same cells, 
‘with inactivated, nonreplicating viruses. Yet, 
the response depends on TLR7, in line with 
previous observations that plasmacytoid den- 
dritic cells rely heavily on this particular 
receptor to respond to RNA viruses. As such, 
TLR7 likely recognizes viral RNA replicating 
inthe cytoplasm, rather than the viral genome 
acquired through endocytosis. But how can an 
endosomal receptor gain access to eytoplas- 
mic viral RNAS? 

Autophagy allows a cell wo engulf parts of 
its own cytoplasm to recycle catabolic prod- 
ucts and supply anabolic needs. This engulf= 
ment generates vesicles (autophagosomes) 
that mature into degradative compartments 
(autolysosomes) (3). The process is emenging 
san important player in multiple facets of cell 
physiology, including programmed cell death, 
development. and senescence. Autophagy also 
regulates immunity by providing cytoplasmic 
proteins that can be processed for presentation 
in association with major histocompatibility 


complex (MHC) class II molecules (3). 
Additionally, autophagy can act as an innate 
effector pathway for pathogen elimination by 
permitting degradation of bacteria that would 
‘otherwise persist within phagosomes or the 
cytoplasm of infected cells (3). However, the 
involvement of autophagy in the initial sensing 
‘of pathogens had not been reported previously, 
and that is what Lee eta. set out to determine, 

The authors analyzed autophagy in plasma 
eytoid dendritic cells taken from a transgenic 
‘mouse in which the autophagosome-associated 
protein LC3 was fused to green fluorescent 
Protein. Ten to 15% of the dendritic cells dis- 
played a punctate fluorescent pattem indicative 
fof large-scale autophagosome formation. 
Exposure to virus did not alter the overall fie= 
quency of fluorescent cells (although itis possi- 
‘ble that changes in the frequency of autophagy 
‘would be seen among the small number of cells 
that actually get infected). To address the fun 
tional importance of this observation, the 
authors analyzed the effect of inhibiting class 
IIL phosphatidylinositol 3-kinases, enzymes 
that are critical for executing autophagy. They 
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alsochecked the functional capacity of plasma- 
ceytoid dendritic cells that lack Atg5,a neces- 
sary component of the autophagic machinery 
In both cases, eliminating autophagy abrogated 
cytokine responses to infection with yescular 
stomatitis vinus. Along the same line, mice with 
an AtgSleficient immune system failed to 
‘mount a rapid interferon response (dependent 
smacytoid dendritic cells) when infected 
with virus. Thus, autophagy by this immune 
cell type is essential for delivering eytoplas- 
mie Viral RNA to the endosomal pathway, 
thereby allowing reco 
viruses by TLR7 (/). 
‘One unexpected observation in the study 
‘could affect this conclusion. TLR7 and TLR9 
signaling in most cell types elicits production 
‘of eytokines such as interleukin-12 p40 (IL-12 
p40), but not IFN-c, The distinctiveness of 
plasmacytoid dendritic cells lies partly in being 
able to retain nucleic acids in an endocytic 
‘compartment where TLR7 and TLR9 signal- 
ing is coupled to IFN- expression (4). Sur- 
prisingly, the authors find that plasmacytoid 
«dendritic cells licking Auz5 prodhice IL-12 p40, 
but not IFN, in response to exogenous TLR9 
agonists. AtuS may somehow be involved in 
sorting TLRs to the appropriate compartments, 
\Where signaling for IFN-ct production can take 


place. Thus, the role of autophagy in TLR sig- 
naling may extend beyond ligand delivery and 
include intracellular receptor trafficking 

In most cell types, autophagy inereases in 
response to cellular stresses such as starvation 
or infection. Induction of autophagy upon 
infection, either as a host response or as 
«8 pathogen-driven process (5), may thus allow 
cells other than plasmacytoid dendritic cells to 
make use of TLRs for detecting pathogens 
in the cytoplasm. However, it also 
a problem. TLR7 responds to stretches of 
id found in both host (self) and 
(6). Discrimination between the two 
is presumably based on the fact that viral RNA 
is protected within a proteinaceous capsid, 
whereas self RNA is unprotected and suscepti- 
ble to degradation by extracellular RNAses 
before it can access endosomes. If autophagy 
delivers eytoplasmic RNA directly to TLR- 
bearing compartments, RNA discrimination 
must be accomplished by additional means. 

Until now. the TLR system and cytosolic 
receptors were thought to perform analogous 
functions but in distinct regions of the cell, For 
immunologists brought up on a diet of adaptive 
immunity—that is, immune responses by Iym- 
phocytes—this has interesting parallels with 
the dichotomy between MHC class [and class 


ses 
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II molecules, which similarly survey those 
same two regions where pathogens re encoun- 
tered. However, just as the division of labor 
between MHC class I and class is not 
absolute, the cytoplasmic and endosomal 
innate immune receptors may be seeing over- 
lapping worlds. Autophagy can provide endo- 
‘genous antigens for MHC class I presentation 
(3) and, as Lee et al. show, viral RNAS for 
recognition by a TLR. Conversely, crass-pres- 
entation pathways allow MHC class I mole- 
es to present exogenous antigens, much like 
ytoplasmic receptors can sometimes medi 
responses to stimuli applied to the outside of a 
cell (7, 8), Pethaps the mechanisms underlying 
pathogen sensing by the innate and adaptive 
immune systems are not so diferent afterall 


References 

1. HK ee JM. Lund, 8, Ramanathan, Musa, A 
‘masa, Science 315, 1398 (2007. 

1. Kanal 5. Aki, Mo. Immuno. 7,133 (2006), 

Devt Cur Opin, Immun 18, 375 (2006), 

K Honda ea, Notre 434, 1035 (2005). 

1 Wleman, Science 312,875 2006). 

5,5. Diebold eto, fur. Immunol, 36, 3256 (2008), 

Kato eto, Norure 441, 101 006), 

Glin et al, Pro. Nat. cod. US.A. 103, 0459) 

(2006. 


10.1126/«ence.1140002 


APPLIED PHYSICS 


Oxide Electronics 


Arthur P. Ramirez 


‘ost condensed-matter physics re- 
searchers either pursue basic qu 
tions of complex phenomena in 


numbers (104) of particles, or seek out 
new materials for technological applications, 
When these paths intersect in a single expert- 
ment, one feels that the future comes a little 
better into focus. Emergent phenomena, in 
which new properties arise from the intes 
tions of many particles in a complex system, 
generate special interest. In the experiments of 
Tsukazaki etal. reported on page 1388 of this 
issue (/), the authors show how novel devices 
cean be made from a class of materials—the 
transition-metal oxides—that often show signs 
‘of emergent phenomena when in bulk form, 
The devices made by Tsukazaki et al. exhibit 
high charge carrier mobility. needed for high- 
performance switching, as well as an exotic 
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Emerge 


emergent state effect. 
The appearance of these two features in an 
oxide is a milestone in our ability to control 
materials. Moreover, this level of control 
shows. clearer path to using such materials in 
applications as varied as advanced computing 
and clean energy production, 

Emengent phenomena (2, 3) in condensed 
‘matter cannot be understood in terms of sim- 


Oxygen face 


Microelectronics are built from materials 
whose electrons interact strongly and can 
exhibit properties as a group that are not 
seen in any one particle, 


ple interactions between pairs of particles. 
Examples of such phenomena are magnetic 
excitations in low-dimensional mater » 
supereonductivity in “heavy electron" mag- 
nets, and fractionally changed particles in a 
two-dimensional electron gas. A traditional 
route to understanding these kinds of emer- 
gent states isto create them in new mate 
In this way, one ean study states with different 


(Old material with new properties. (Left) Schematic diagram of oxide layer structure that Tsukazaki etal 
used to observe the quantum Hall effect. (Right) Micrograph of the actual devices used, where 7, is the 
‘growth temperature. Asingle device with dimensions 220 jum x 60 jim is highlighted. [Adapted from (2)] 
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characteristics and either test theoretical 
descriptions of such states or realize entirely 
new states of matter. Searches for emergent 
phenomena are often performed in butk 
or thin-film materials, either crystalline or 
nanometer-scale in size, 

The commercial development of a new 
‘material exhibiting emergent behavior for a 
particular device application presents a differ- 
ent set of challenges. Although this research is 
aimed at ensuring reliability and compatibility 
with existing materials, and at driving down 
the cost of manufacturing, such investigations 
also lead to qualitatively new materials. 
For instance, as part of the program to synthe- 
size ever-purer semiconductor structures in 
the 1970s, Cho and Arthur (4) developed the 
technique of molecular beam epitaxy, in which 
highly ordered atomic layers are grown and 
laitice-matched to the underlying substrate 
Molecular beam epitaxy was further refined to 
create the two-dimensional structures leading 
to the fractional quantum Hall effect, a com- 
pletely unexpected emengent state of electrons. 
discovered by Tsui eral. (3). 

‘The semiconducting behavior underlying 
modern microelectronics is found in com 
pounds of silicon or combinations of materials 
from columns IIL and V of the periodic table, 
such as gallium and arsenic. Emengent phe 
nomena, however, occur in a wide variety of 
other materials such as carbon-based organics, 
intermetallics, and transition-metal oxides. It 
is the oxides, however, that present the richest 
variety of emergent states, including metals 
‘with clectron masses several hundred times the 
bare mass, spin magnetism with zero-point 
entropy, and superconductivity at record 
high temperatures. Materials physicists have 
dreamed of creating new classes of devices 
that harness such emergent states of matter (6). 
Indeed, with the end of Moore's law in sight as 
transistors in microprocessors approach low- 
nanometer-scale dimensions, even the silicon 
industry is looking to alternative materialsand 
architectures for computing beyond 2020 (7). 

Tsukazaki et al, describe a semiconductor 
heterostructure formed at the interface of Iay- 
ers of zine oxide (ZnO) and a related com- 
pound My Zn, ,O (see the figure), These two 
‘materials have different values of the semi- 
conducting gap, the energy needed to excite 
an electron into its conduction band. The dif- 
ferent gap values form a potential energy 
(quantum) well that confines electrons to a 
two-dimensional region, 

ZnO already finds many applications 
including piezoelectric actuators (8). phos- 
pphors in displays (9), and transparent conduct- 
ing films (/0). Asan example of the versatility 
‘of ZnO, some of the authors of the report by 
‘Tsukavaki et a, had recently shown that ZnO 


films can be altered to transport holes as well 
as electrons. both essential attributes for a 
light-emitting diode (/1). 

To create high-performance devices, how- 
ever, it ismecessiry to eliminate the defects that 
can trap electronsand thusreduce the switching 
speed. In addition, the presence of such defects 
canalso prevent the formation of delicate emer- 
gent states. The absence of charge trapping is 
measured by the material's mobility. Useful 
mobility values occur over an extremely wide 
range, from | cm? V-! s (in computer dis- 
plays) to 1000 cm? V+ 5 (in silicon used in 
microprocessors} to more than 107 cm? V 
(in the highest-quality gallium arsenide het- 
erostructures cooled down to 100 mK). Recent 
advances in the growth of single-crystal and 
ordered films of ZnO demonstrated mobilities 
inexcess of 2000 at 30 K.(/2), thus opening the 
door to high-quality oxide devices. 

For a high-performance quantum well, itis 
essential that the defect density in the inter- 
face region be low. Sharp interfaces had 
already been achieved in a different pair of 
oxide materials, strontium titanate lanthanum 
titanate (/3), and oscillations in electrical 
resistanceas a function of magnetic field (/4), 
normally attributed to low-defect metals, 
‘were observed. Tsukazaki et al. were able to 
jeve similarly low defect levels in this 
‘work to form ZnO/Mg,Zn,_,O quantum wells 
with low-temperature mobilities greater than 
5000 cn? V4 

‘The materials used to make the heterostruc- 
tures should also facilitate the transfer of 
electrons from the bulk into the interface. 
‘Tsukazaki er al. noted that whereas the ZnO 
layers have sizable tensile strain, which induces 
charge segregation through the piezoelectric 
effect, the underlying Mg,Zn,_,O layers have 
negligible strain. Thus, a net charge density is 
inxluced electrostatically from the ZnO region 
into the interface. The authors further devel- 
‘oped. synthesis technique that allowed them to 
vary the thickness of the layers. hence they 
could study samples with different change den- 
sities in the two-dimensional interface region. 

These efforts represent a high degree of 
‘materials control. and as a result, Tsukazaki et 
ail. were able to observe quantized values of 
the Hall resistance (related to the voltage 
developed transversely across a sample in 
response to longitudinal current flow) at tem- 
peratures near absolute zero. This so-called 
quantum Hall effect is the main result of the 
Paper and typically only occurs in the highest- 
purity two-dimensional metals. Thus, a hal 
‘mark experiment, first performed in 1980 by 
von Klitzing e7 al. in high-mobility silicon 
heterostructures (/5), has now been repeated 
inan entirely new materials class. We know 
that the Hall resistance in the quantum Hall 


effect is precisely related to ratios of funda- 
‘mental constants: the electronic charge e and 
Planck's constant /. The extreme precision (to 
1 part in 100 million) of the experimental 
resistance plateaus was explained theoreti~ 
cally by Laughlin (/6) and since 1990 has 
been the intemational standard of resistance. 

‘The quantum Hall effect has been observed 
only in a few materials and never before in a 
device made from oxide materials, Ina related 
development, Novoselov ef al. report on page 
1379 of this issue (/7) the observation of the 
quantum Hall effect at room temperature in 
cone of the simplet possible devices—a single- 
atom-thick sheet of elemental carbon, called 
graphene. Here the observation of an effect 
that had been confined to the domain of low: 
temperature physics is attributed to graphene’s 
‘unusual atomic structure that suppresses scat- 
tering of electrons by thermal lattice vibra- 
tions. The importance of the room-tempera- 
ture quantum Hall effect in graphene stems 
from the material's uniqueness. In contrast, the 
importance of the results of Tsukazaki et al. 
stems from the ubiquity and versatility of the 
oxide family of materials. The work conse 
mates the marriage of two disparate fields of 
condensed-matter physics—the physics of 
devices, and the physics of multifunctional 
Copto-.clectro-, magneto-, and elasto-) sensing 
and control—and the implications transcend 
the obvious scientific attraction of uncovering 
aan exotic state of matter in a new material, 
The present experiment suggests that we 
have entered the era of oxide electronics, and 
research in this field promises exciting discov~ 
cries for many years, 
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Room-Temperature Quantum Hall 


Effect in Graphene 


K, 5. Novoselov,” Z. Jiar 
G. S. Boebinger,? P. Kim,?* A. K. Geim™* 


he quantum Hall effect (QUE), one ex- 
| ple of a quantum phenomenon that 
‘occurs on a truly macroscopic scale, has 
been attracting intense interest since its dis- 
covery in 1980 (/). The QUE, exclusive to 
two-dimensional (2D) metals, has elucidated 
many important aspects of quantum. physics 
and has deepened our understanding of inter 
acting systems, It has also led to the establish- 
ment of a new metrological standard, the 
quantum, 4c, that contains only 
tal constants of the electron charge, 
‘e, and Planck's constant, (2). As with 
‘other quantum phir 
the QHE usually requines low temperatures, 
typically below the boiling point of 
helium (J), Efforts to extend the QUE temper- 
alure range by, for example, using 
semiconductors with small eff 
live masses of charge carriers have 
so far failed to reach temperatures 
above 30K (3, A). The 
driven by both an innate desire to 
observe apparently fragile quantum 
phenomena under ambient condi- 
tions and the pragmatic need to 
perform metrology at room, or at 
least liquid-nitrogen, temperatures. 
More robust quantum states, im- 
plied by their persistence to higher 
temperatures, would also provide 
added freedom 1 investigate finer 
features of the QUE and, possibly. 
allow higher quantiz 
(2). We show that in graph 
single layer of carbon atoms tightly 
ed in a honeycomb crystal la 
tive, the QHE can be observed even 
at room temperature, This is duc to 
the highly unusual nature of charg 
carriers in graphene, which beha 
less. relativistic particles 
(Dirac fermions) and- move with 
litle scattering under ambient con- 
ditions (5, 6), 
Figure 1A shows one of our 
devices used in the QHE measure- 
iments, At room temperature, its Hall 
conductivity, Oy. reves plateaus at 
2e%h for both electrons and holes, 
While the longitudinal conductivity, 
Pas appeoachs ze (<10 obs) exhid- 
ing an activation energy AE = 00 K 


12 ¥. Zhang,” S. V. Morozov,? H. L. Stormer? U. Zeitler,*}. C. Maan,* 


(Fig. 1B). The quantization in Guy is exact within an 
experimental accuracy =0.2% (Fig. 1C). The 
survival of the QHE to such high temperatures 
«can be atiibuted to the large eyelotron gaps, fe 
characteristic to Dirac fermions in graphene. Their 
energy quantization ina magnetic fickl, B, is 
desenibed by Ey = ve y/2ehBN), where vp = 10" 
m sis the Femi velocity and N an integer 
Landau level (LL) number (5,6). The expression 
yields an energy gap AE = 2800 K at B = 45T 
if the Fermi energy, Ep lies between the lowest 
LL..W'= 0, and the first excited one, N= it 
(Fig. 1B, inset), This implies that, in our exper- 
nents at room temperature, here exceeded the 
thermal energy, ku, by a factor of 10. In addi- 
tion to the large he, there are a number of other 
factors th QHE in graphene to survive 


Fig. 1. Room-temperature QHE in graphene. (A) Optical 
micrograph of one ofthe devices used in the measurements. The 
scales given by the Hall bar's width of 2 um. Device fabrication 
procedures were described in (5). (B) cy (red) and pg (blue) asa 
function of gate voltages (V,) in a magnetic field of 29 T. 
Positive values of Ve induce electrons, and negative values of 
Vg induce holes, in concentrations n = (7.2 x 10° cm"? "WV 
, 6). Inset) The LL quantization for Dirac fermions. (C) Hall 
resistance, Rr» for electrons (red) and holes (green) shows the 
accuracy of the observed quantization at 45 T. 


to such high temperatures. Firs, graphene devices 
allow for very high earrier concentrations (up 10 
10" cmv) with only a single 2D subband oc- 
caupicd, which is essential 10 fully populate the 
lowest LL even in ultra-high B, This in contrast 
10 tational 2D systems (or example, GaAs het- 
cevetructures, which are either depopulated alk 
ready in moderate B or exhibit multiple subband 
cccupation, leading to the reduction of the ef= 
fective energy gap to values well below sh, 
Second, the mobility, j, of Dirac fermions in 
four samples does not change appreciably from 
lguid-belum to room temperature, I emai at 
“10.000 em? V""'S, which yiekls « scatering 
time of ¢~ 10°" sso that the high fick! limit 
(oct = +B >> 1 isteach in fick of several T 

These characteristics of graphene foster hopes 
for the womemperature QUE observable in 
ficlds substantially smaller than 30 . In fact, we 
jbserved the Hall plateaus developing already in 
B< 20 Tat 300 K. The nod for high B is 
tributed 10 broadened Ls caused by disorder, 
which reduces the activation enensy, We expect 
that improving sumple homogensty and achiev 
ing higher j (curently limited by static defects) 
shoukl allow the observation of the room 
texnperature QUE by using 6 
This should open up now vistas for developing 
graphene-based resistance standards (certainly 
‘operational above liquid-nitrogen temperature) 
and for novel quantum devices working at ele- 
‘ated temperatures 
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An Intrinsic Bond-Centered Electronic 
Glass with Unidirectional Domains 
in Underdoped Cuprates 


Y. Kohsaka,? C. Tayl 
'M, Takano,’ H. Eisaki, 


* K. Fujita,’? A. Schmidt,* C. Lupien,? T. Hanaguri,* M. Azuma,> 
H. Takagi,” S. Uchida,*? J. C. Davis™** 


Removing electrons from the CuO, plane of cuprates alters the electronic correlations sufficiently 
to produce high-temperature superconductivity. Associated with these changes are spectral-weight 


transfers from the high-energy states of the insulator to low energie 


{In theory, these should be 


detectable as an imbalance between the tunneling rate for electron injection and extraction—a 
tunneling asymmetry. We introduce atomic-resolution tunneling-asymmetry imaging, finding 
virtually identical phenomena in two lightly hole-doped cuprates: Cay gaM3o.2CuO2Cly and 
Bi,Sr2DyoaCaoaCaOe4s. Intense spatial variations in tunneling asymmetry occur primarily at the 
planar oxygen sites; their spatial arrangement forms a Cu-O-Cu bond-centered electronic pattern 
without long-range order but with 4ao-wide unidirectional electronic domains dispersed 
throughout (ao: the Cu-O-Cu distance). The emerging picture is then of a partial hole localization 


within an intrinsic electro 
and highest-temperature superconductivity. 


ctallicity of the cuprate CuO2 planes 
Messina Sy 
copper 34 orbitals (Fig. 1A), Coulombs 


interactions lift the degeneracy of the relevant 
‘orbital, producing lower and upper dst sepa 
rated by the MottHubbard energy U (Fig. 1B) 
The lower dstates and oxygen pstate become 
hybridized, yielding a comelated insulator with 
change-tannser gap & (Fig. 1B), The “hole-doping” 
proces, which generates highesttemperature su 
percondctivity, then removes eleetons from the 
CuO; plane, creating new hole-like electronic 
states with predominantly oxygen 2p character 
(2). This is a radically different process than hole 
doping conventional semiconductor because, 
when an electron is removed from a cormcated 
insulator, the states with which it was correlated 
are also altered fundamentally. Numerical 
modeling of this process (3) indicates that when 
‘holes per unit eel are introduced, the correlation 
changes generate spectal-weight transfers from 
both filled and empty bands 

resulting in the ereation of ~2yr new empty states 
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4glass evolving, at higher hole densities, into complete delocalization 


just potential » (Fig. 1B), But 
precisely how these spectral-wei 
result in cuprate high-temperature supercon: 
ductivity remains controversial 

Recently, it has been proposed that these 
doping-induced correlation changes might be 
observable dircetly as an asymmetry of electron 
neling currents with bias voltage (4, 5) 
electron extraction at negative sample bias being 
strongly favored over electron injection at posi 
tive sample bias. Such effects should be de- 
tectable with a scanning tunneling microscope 


(STM) The STM tip-sample tunneling current 
is given by 
12.0) NGEWE (1) 


Fig. 1. (A) Relevant electronic 
‘orbitals ofthe CuO, plane: Cu 3d 
‘orbitals are shown in orange and 
‘oxygen 2p orbitals are shown 
in blue. A single plaquette of 
four Cu atoms is shown within 
the dashed square box, and a 
single Cu-0-Cu unit is within 
the dashed oval. (B) Schematic 
‘energy levels in the CuO, plane 
and the effects of hole doping 


surface-nonmal coordinate, # 
relative sample-tip bias, and N(F.£) is 
the sample's local-density-of-states (LDOS) at 
Interal locations 7 and energy £. Unmeasurable 
effects due tothe tunneling matrix elements, the 
tunnel-barrer height, and = variations ffom elec- 
tonic hetermgeneity are contained in f(7,=) (see 
supporting online text 1), For a simple metal 
system where /(F,2) is a featureless constant 
Eq, 1 shows that spatial mapping of the dif 
ferential tunneling conductance d//d’(, V) 
yickls (F,£ = eV’). However, forthe strongly 
comelated electronic states in a lightly hole- 
doped cuprate, the situation is much more 
complex. In theory (4), the correlations cause 
the ratio Z(H) of the average density-of-states 
for empty states V(E = +e¥’) to that of filled 
states N(E = ~e¥/) to become asymmetric by 
an amount 


ME 
VE 


+eV) 
eV) 


2V)= 


Spectral-weight sum rules (5) also indie 
the ratio R(7’) of the energy integrated V(7, E) 
forempty states £ > 0 wo that of filled states E< 0 
is related to n by 


e | Prada £) de 
[NOME 


2H o(%) a) 


RY?) 


Here ris in-plane hopping rate and (2, satisfies 
ow-cnengy scales” <Q, < t 

Asa test of such ideas, we show in Fig. 1C 
the predicted evolution of the tunneling 
asymmetry (TA) with m from (4), axl in Fig. 
1D we show the measured evolution of spatially 
averaged TA ina sequence of lightly hole-dopesd 
CazNa,CuOxCh samples with different x, We 


sce that the average TA is indeed large at low x 


om, B nao nso 
C e 
eee eee) 
F >> 
08 0s 


uupon it. (©) The expected tun- 


neling asymmetry between elec 3 5} 
tron extraction (negative bias) 
‘and injection (positive bias) from 3 10 
(@) where low values of Z occur at 


low hole densities n. (0) Mea- 
sured doping dependence of 
average tunneling asymmetry 
in Cazatla,CuO2Ch. a.u,, arbi- 
trary units. 


j 
i 


° 


% 


a 


Normalized dlidV (a. u,) 


ote es 8 
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and diminishes rapidly with increasing x, asthe TA proposals (4, 5) also identify the first 
predicted (3-5). But because such eflicts are atomie-scale probe of the dopi 
le by spatially resolved techniques (6, 7), 


detect 


Temperature D> 


23% 510% 15% 
hole concentration 


Fig. 2. (A) Schematic phase diagram 
of hole-doped cuprates. The regions 
of antiferromagnetic insulator (AFI), 
d-wave superconductor (aSO, and 
pseudogap (PG) phenomenology are 
indicated. The electronic “cluster 
glass” (ECG) extends over a region in- 
dicated beneath the dashed line. (B 
and C) Examples of the song spatial 
Variations in the tunneting asymmetry 
found in Na-CCOC and Dy-Bi22212. 
Because experimental normalization keeps integrated d/dV at positive biases constant, the large variations 
are seen at negative bias and directly reflect spatial variation of the TA (tunnel junction set at 200 pA, 
600 mV). As can be seen, electron extraction is strongly favored over injection and varies spatially 
These phenomena are quite similar in the two materials. 


Fig. 3. (A and B) Constant- 
curtent topographic images 
of Na-CCOC and Dy-Biz212 
in 12-nm? fields of view. 
Imaging conditions are (A) 
50 pA at 600 mV and (8) 
50 pAat 150 mV. The orange 
boxes in (A) and (B) indicate 
areas described in Fig. 4, B 
and C, and Fig. 4, € and F, 
respectively, and the CuO 
bond directions are shown as 
pairs of orthogonal black 
arrows. (C and D) R maps 
taken at 150 mV fie., 
AU?,150 mV) = KF, +150 
mVViK7, 150 mV) in the 
same field of view shown in 
Fig. 3, A and B, respectively. 
Large R (bright in this color 
scale) means that the cor- 
responding tunneling spec- 
trum is more symmetric, 
whereas low R (dark) means 
that itis more asymmetric. 
The blue boxes in(Q and(D) 
indicate the bored areas of 
Fig. 4, A and D, respectively. 
(€ and F) Images of V?R 
(Laplacian) computed from 
Fig. 3, Cand D, respectively, 
for better visualization of the 
atomic-scale arrangements 
of the spatial patterns, 


1 ART 


Electronic “cluster glass” state of lightly 
hole-doped cuprates. Figure 2A shows sche- 
‘matically that cuprate antiferromagnetism dis 
appears at a doped-hole density per CuO n ~2 
Wo 3%. The superconductivity usually does not 
appear until 1 ~ $ to 10%, Therefore, another 
low-temperature state intervenes; it is usually 
thot ss" (ECG) 
state (8-2/), At higher dopings, the ECG sig- 
natures coctist with diminishing intensity with 
ihening superconductivity, until they 
disappear somewhere near n ~ 15%, Although 
the ECG state exhibits no known long-nu 


ht of as an electronic “cluster 


infer, some electronic onder of 
form is always detected at nm 


charge (/4-20)—hence the “cluster” designs 
tion. And, because it is fiom this ECG state that 


Lis critical to determine 
rated by hole dopit 
and how it evolves into and coexists with the 
superconducting state. 

Much is known about the cuprate ECG st 


Direct evidence for hole localization comes from 
{i) in-plane de resistivin 
rithmically increasing 4 

InT (23, 24); 
nents showing 


which exhibits loga- 


nperature dependence 
(il) Hall number mea 
at the delocalized hole 
density approaches the chemically doped values 
only when n> 10% (25). Muon-spin rotation 
measurements (8-13) f 


d glassy dynamivs of 


spins but exhibiting some unknown form of spa 
tial order at the nim scale: the spin component of 
the ECG “cluster.” Simil 
tometer stuxlies show (26) substantial froe-spin 
Paramagnetism. Nuclear magnetic/quadrupole 
resonance measurements (/4-20) reveal static 
charge heterogeneity at the nm scale: the hole- 
density component af the ECG “cluster.” Powder 
neutron diffraction reveals related focal lattice 
distortions (2/) and optical spectroscopy, the 
anomalous anisotropic conductivity and electron: 
phonon couplings (27). Finally, ncutron-scatering 
¢ that the holes ane clustered 
in nm-sized regions with some form of magnetic 
short-range order (28), In summary, the cupy 
ECG state is perva iting partial hole 
localization ina state without long-range order but 
that, nonetheless, supports some unknown form of 
lectronic domains. A long-standing problem has 
boon whether these effects are an intrinsic element 
of bole-doped CuOs electronic structure or are 
extrinsic perhaps triggered by random dopant 
andor impurity disorder. 

Theoretical hypotheses for the cause and 
structure of the cuprate ECG state include, for 
loss of electronic translational in- 

iance because of (i) an electronic wlass caused 
by random exchange couplings (29), (ii) a 
dopant disorder-induced rand 
s (30), (ii) a spontancous (31) or dopant- 
induced (30, 32) glass of selforganized electron- 
ic nanodomains, and (iv) a nematic electro 
liquid crystal of such nanodomains (33), But 


ly, Toryue magne 


measurements india 


n electronic 
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direct test of such ideas has not been possible 
because neither the real-space electronic struc- 
ture of the ECG state, nor that of an individual 
“cluster.” could be determined dircetly as no 
wing techniques existe. 

Design of TA studies in Cay gaNaps2CuO2Cly 
and BipStDyo Cap gCus0g44- STM-based im 


with problems in lightly doped cuprates. For 
example, a standard d/4V’ image, although well 
defined, is not a direct image of the LDOS (see 
supporting online text 1). Moreover, there are 
theoretical concerns that, in Cap,Na,CuOsClo 
the topmost CuO plane may be in an “extraor 
dinary” state (34) or that interference between 
two tunneling wajectories through the 3p-C1 
‘orbitals adjacent to a dopant Na” ion may cause 


fit 


Fig. 4. (A and D) R maps of Na-CCOC and Dy-Bi2212, respectively (taken at 150 mV from areas in 
the blue boxes of Fig. 3, C and D). The fields of view are (A) 5.0 nim by 5.3 nm and (B) 5.0 nm by 


5.0 nm, The blue boxes in (A) and (D) indicate areas of Fig, 


B and C, and Fig. 4, E and F, 


respectively. (B and E) Higher-resolution R map within equivalent domains from Na-CCOC and Dy- 
Bi2212, respectively (blue boxes of Fig. 4, A and D). The locations of the Cu atoms are shown as 
back crosses. (C and F) Constant-current topographic images simultaneously taken with Fig. 4, B 
and E, respectively. Imaging conditions are (C) 50 pA at 600 mV and (F) 50 pA at 150 mV. The 
markers show atomic locations, used also in Fig. 4, B and E. The fields of view of these images are 


shown in Fig. 3, A and B, as orange boxes. 


Fig. 5. (A) Locations relative to 
the O and Cu orbitals in the CuO, 
plane where each diidV spectrum 
at the surfaces of Fig. 4, Cand F, 
and shown in Fig, 5B, is mea- 
sured. Spectra are measured 
‘along equivalent lines labeled 
4, 2, 3, and 4 in both domains 
of Fig. 4, B and E, and Fig. 5A. 
(B) Differential tunneling con- 
ductance spectra taken along 
parallel tines through equiv- 
‘alent domains in Na-CCOC and 
Dy-Bi2212. All spectra were 


taken under identical junction conditions (200 pA, 200 mV). Numbers (1 to 4) 
correspond to trajectories where these sequences of spectra were taken. 3 
Locations of the trajectories, relative to the domains, are shown between 


Fig, 4B (Q and 4€ (F) by arrows. 
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rotational symmetry breaking in the tunneling 
pattems (35). 

The new proposals (4, 5) for tunneling 
asymmetry measurements provide a notable 
solution to problems with standard d//d 
imaging because Eqs. 2 and 3 have a crucial 
Practical advantage. If we define the ratios 
Z(7, V) and R(7, VP) in terms of the tunneling 
current 


(4a) 


4b) 


we see immediately fi 
known effects in (7,2) are all canceled out 
process, Thus, Z(F, 7) and 
ly contain important physical 
information (4, 5) but, unlike N(F, E), 


n Eq, 1 that the un. 


expressible in tems of measurable quantities 
only. We have confinned that the unknown 
factors /(7, ) are indeed canceled out in Eq. 4 


ures 2). 
ie theoret- 


(see supporting online text and 

Toa spec 
ical concems (34, 35), we have designed 
TA. 


dares the mater 


sequence of identi 
two radically. differe 
strongly underdoped Cay yy) 
(Na-CCOC mperature Ty 


ng exp 


iments cuprates 


21k) 
and BisSeaDyoC ao sCu04. (Dy-Bi2212; Te 


45 K), As indicated schematically in Fig. 2, B 
and C, they have completely different erystal 
Jographic structure, chemical constituents, and 
dopant species and. sites in the termination 
layers lying between the CuO, plane and the 
STM tip. Na-CCOC has a single CuO layer 


8. 

Twcche "= 7 7 
i 
5 ° 
34 Th phedtat at NE MET 
z . 
q ° 
ae ee 


‘Sample bas (mv) 
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capped by a perfectly square CaCl layer and 
\with Na dopant atoms substituted at the Ca site, 
Dy-Bi2212 has a CuO. bilayer. above whieh are 
both BiO and StO layers whose unit cells 
undergo the incommensurate erystal super- 
modulation; nonstoichiometric oxygen dopant 
‘atoms are located interstitially near the BiO 
layer, Therefore, we assert that TA-imagi 
phenomena that are identical in these two 
materials should be ascribed to their only com- 
mon characteristic the intrinsic electronic struc~ 
ture of the CuO. plane 

‘Atomic-resolution TA imaging. In Fis. 2, B 
and C, we show standard d/dP’ spectra mea- 
sured under identical junction conditions at ran- 
dom locations on the surfaces of the Na-CCOC 
and Dy-Bi2212 samples (all daa were acquired 
at 4.2K) Within £) < 100 meV, they both 
exhibit the expected V-shaped d//dV centered on 
E= 0 (6, 7), Unexpectedly, at higher energ 
the same intense spatial variations in the tun= 
neling asymmetry of spectra were observed in 
both materials, These can be seen vividly at 
the left-hand perimeter of Fig. 2, B and C 
(because our procedures normalize the in 
trated d/dV’ on the positive site), The come- 
‘sponding variations in TA indicate the existence 
Of intense atomic-scale variations in electronic 
structure: 

To explore the spatial arrangements of these 
phenomena, we used an atomic resolution “Rt 
nap"”—spatially imaging RU". V) of Eq. 4b. 


Figure 3, A and B, show typical topographic 
images of the CaCl and BIO layers obtained by 
cleavage, in eryogenic ultrahigh vacuum, of 


Na-CCOC and Dy-Bi2212, respectively. The 
brightest regions in Fig, 3 indicate the locas 
tions of C1 atoms that are direetly above the Cu 
atoms in Na-CCOC, whereas those in Fig. 3B 
indicate the Bi atoms that are above the Cu 
atoms in Dy-Bi2212, The dark, cross-shaped re 
stions in Fig, 3 are the missing Cl atoms and, in 
Fig. 3B, are displaced Bi atoms along maxima of 


Fig. 6. A 25-nm? R map; no long- 
range order is apparent. Instead, we 
see randomly distributed electronic 
variations of the Cu-O-Cu bond state 
with equal probability of orientation 
along the two Cur axes. The Cu-O 
bond directions are shown as pairs 
‘of orthogonal black arrows. The 
inset shows its Fourier transform. 
The predominant peaks occur at 
wave vectors q ~ (3/4,0) and (03/4) 
in units 2rlag (range arrows), and 
the peaks at q ~ (/4,0) and (0,14) 
(blue arrows) are weaker. Atomic 
peaks q ~ (1,0) and (0,1) are shown 
by black arrows, 


the crystalline supermodulation. Figure 3, C and 
D, are images of R(F, V = 180 mV) measured 
in the identical fields of view of Fig. 3. A and B, 
respectively. These R maps are markedly similar 
in texture and exhibit far finer spatial details than 
their related surface topographs: the reason is that 
much of their contrast stems from features 
‘occurring within each Cu plaguette (Fig, 1A). 
‘The R maps exhibit no long-range spatial order of 
any kind, Nevertheless, autocorrelation analysis 
shows that they do have short-range ~ 4g * 4p 
Periodic comelations, where ag is the Cu-O-Cu 
distance. The most obvious and arzuably: most 
important observation in Fig. 3, Cand D, isa loss 
fof both transhational and. 9°-rotational (C4) 
Wariance in the spatial arrangements of elec- 
tronic structure at the 449 scale—these effects 
being virtually indistinguishable in Na-CCOC 
and Dy-Bi2212, It is also evident from Fig. 3, 
C and D, that the intemal structure of these 
“domains.” as well as the overall matrix in which 
they are embedded. retains funher degrees of 
electronic complexity at the atomic scale 
Cu-O-Cu bond-centered electronic glass 
with disperse 4ag-wide domains. To visuali 
these spatial claments more clearly, we take the 
Laplacian V°R of Fig. 3, € and D (Fig. 3. Eand 
F), At atomic scale, we then see an electronic 
structure consisting of ag-length elements dis- 
tributed in a disonderal fashion along both Cu-O 
directions. Within this matrix are embedded 4ag- 
\wide unidirectional regions or “domains.” These 
domains, because they are periodic along the 
Jong axis, appear to be ordered. Repeating 4g- 
wide domains of this type are always. uni 
directional, extending along one or other Cu-O 
direction. Thus, at the nm scale, the electronic 
structure of these lightly hole-doped cuprates 
breaks both Cy symmetry and translational 
the ideal square erystal lattice. 
4. A and D, we show higher- 
resolution studies of equivalent domains from 
Na-CCOC and Dy-Bi2212, respectively (at the 
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fine blue boxes of Fig. 3, C and D), Here the R 
‘maps are rotated to put a CuO axis, and thus the 
domain axis, venical. The pairs of dark lines 
(representing high TA) in R maps indicated by 
the arrows are precisely 4ag apart and represent 
the perimeter of a single domain. In Fig, 4, A 


We next examine, in Fig. 4, B and E, the 
internal structure of the domains (at the boxes of 
Fig. 3, A and B, and Fig, 4, A and D) with 
identification of atomic sites fiom the simulta- 
ncous topographs (Fig, 4, Cand F, respectively), 
We see immediately that the primary. spatial 
Variations in the R maps are concentrated, not on 
the Cu sites, but rather on the O site within each 
Cu-0-Cu bond, Here the domain's symmetry 
axis is along a vertical line starting atthe arrows 
labeled 1. Along this avis are a line of oxy 
sites, each within a horizontal Cu-0-Cu bond 
and all exhibiting high R, The vertical line 
labeled 2 isthe line of vertical Cu-O-Cu bonds; 
these oxygen sites exhibit low R, Thus, R is very 
different for the horizon 
transverse t0 line 1 and the vertical C 
bonds along fine 2, even though these bonds 
share a Cu. atom on the comer of the same 
plaquette. The next vertical line of Cu atoms 
away from the axis is labeled 3, and tine 4 
represents the line of oxygen sites that is 2a9 to 
the right of axis 1. The sequenice of horizontal 
u-0-Cu bonds along line 4 exhibits a uni- 
fommly low A. These patterns exhibit minor 
symmetry about the vertical axis. meaning 
that the whole domain is precisely 4g wide. We 
find these uniaxial domains in all maps: 
randomly dispersed with equal probability of 
orientation along the two Cu-O axes (Fig. 3, E 
and F) and with virally identical structure in 
both materials 

‘A noteworthy observation here is that the 
© sites within Cu-O-Cu bonds, even though 
crystallographically equivalent, are in eleetroni- 
cally inoquivalent states (Figs. 3 and 4). In general, 
the spatial arangements of these Cu-O-Cu bond 
sates exhibit no long-range order, Nonetheless, 
there are clear short-range relations. between 
them: Sequential vertical or horizontal Cu-O-C 
bonds along a vertical axis can all be in the 
same state, whereas the Cu-O-Cu bonds at 90" 
to cach other and sharing a corner Cu atom are 
electronically inoquivalent. Most notably, these 
TA images indicate that the cuprate electronic 
luster glass” (8-27) stems from spatial vari 
ations in the electronic state of each Cu-O-Cu 
bond 

Atomic-scale electronic structure within 
the 4ag-wide domains. Next, we consider the 
energy dependence of electronic structure of 
the domains in Fig. 4. Although d/dV images 
are not simply related to spatial arrangements 
of LDOS, individual d//dV spectra still retain 
much physical importance—especially in the 
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energy value at which their key features occur. 
‘To clarify the locations, relative to the O and 
Cu orbitals in the CuO2 plane, of each da” 
spectrum measured on the surfaces of Fig. 4, 
Cand F, we show a schematic in Fig. 3A. The 
<d/aV spectra are measured along equivalent lines 
labeled 1, 2,3, and 4 in both domains of Fig. 4, B 
and E, and Fig, 5. The nine spectra (ato i) along 
Fines labeled | and 4 are taken at a sequence of 
five planar oxygen sites with four empty sites in 
between, whereas those along fines 2 and 3 ane 
taken at a sequence of five planar copper sites 
With four oxygen sites in between, In both 
materials, they reveal similar spatial evolutions: 
Line I shows spectra with minimal TA and clear 
low-energy features (at ~10- meV in NaCCOC 
and ~20 meV in Dy-Bi2212%, line 2 exhibits 
rapid TA fluctuations but low-enerey features 
similarto those of line 1; Tine 3 shows higher TA: 
‘and line 4 shows the highest TA with weak low- 
‘energy features, These pattems of d/l” spectra 
exhibit mirror symmetry about the domain's 
Vertical axis, All spectra show a. pronounced 
feature at E~ +100 meV with a related feature 
near E ~~ 100 meV’ but masked by the rapid rise 
due 10 tunneling asymmetry. The low-enengy 
features, whether of peaks (lines 1 and 2) oF 
shoulders (lines 3 and 4), appear at ~ =10 meV 
for Na-CCOC and ~ 20 meV for Dy-Bi2212, 
with a clear ratuction of d/dI” toward E = 0. 
‘These types of spectral shapes, and the different 
energy ranges in samples with diferent 7. may 
indicate their relation to the supereondluctivity 

Long-range electronic structure, Returning 
to the fangest scales, the map shown in Fig. 6 
spins a 25-nn? fied of view, No long-range 
‘onder can be detected (even out to SO nm: fig. 
3). But the Fourier transform of such maps 
{inset to Fig. 6) reveals further surprises: The 
predominant peaks oceur at wave vectors G ~ 
(3/4,0) and (0,34) (in units of 2nd), whereas the 
peaks at J ~ (1/40) and (0.1/4) that would be 
‘expected trivially from a 4p * 4p modulation 
are weaker, We Find that these characteristic TA 
modulations at @ ~ 34.0) and (0.3/4) oceur not 
because of mixing between (14,0) and (1,0), but 
primarily because three maxima in typically 
‘eXist within each 4agq-vide domain, 

Discussion and conclusions. Because we 
find virtually identical phenomena in Na-CCOC 
and Dy-Bi2212 samples of radically different 
physical, chemical, and dopant structure, material- 
specific explanations (34. 35) for the TA effect 
ean be ruled! out. Instead, we consider these 
Phenomena to be intrinsic electronic character- 
istics of the CuOs plane. Furthermore, the eflects 
reported here cannot be governed by individual 
dopant atoms because there is only a single dop- 
ant atom for every ~20 Cu-O-Cu bonds and, in 
any ease, they occur at quite different locations 
in the unit cells of Na-CCOC and Dy-Bi2212. 
similarly. the ereation by random dopant dis 
tributions of virtually identical unidirectional 
4ag-wide electronic domains in both materials 
(Fig. 4) appears extremely unlikely. Indeed, the 


spatial arrangements of electronic structure re- 
vealed by TA imaging (Figs. 3, 4, and 6), rather 
than exhibiting a random patchy configuration 3s 
expected if dopant disorder predominates, occur 
because of variations in the electronic stale at 
seach Cu-0-Cu bond. Such a bonxl-centered elee- 
‘tronic glass, if intrinsic and universal to cuprates, 
woul! provide a plausible and consistent expla- 
nation for why long-range spin’charge-ordered 
states are not detected at low doping, 

Tunneling asymmetry measurements are 
designed to yield key information on how corre- 
lations affect electronic structure of the hoke- 
doped cuprates (4, 5). But the primary spatial 
contrast in TA. images, although undoubtadly 
electronic, has not yet been independently cali- 
‘brated for the degree of charge-density varia- 
tions it represents and may also contain quantum 
interference effects (35), In addition the relation 
between the higher-energy R maps and the low- 
‘energy d¥/dV’ maps is incompletely understood. 
For example, Fourier transfonns of d/dV'imaes 
at B < 50 meV reveal “checkerboard” dd” 
modulations with peaks at J ~ (0.3/4) and (3/4,0) 
(6). This implies two, at present indistinguish- 
able, possibilities about the relations between R 
imap and df” maps: (i) The physical entity of 
the bond-centered domains my appear differ- 
cently in the two experimental quantities (see sup- 
Porting onfine text 1); and/or (i) the localized 
electronic domains affect delocalized low-enengy 
states, possibly via scattering interference (36). 
But independent of which explanation for 
“checkerboard” did” modulations holds, these 
new TA-imaging techniques are well defined, 
avoid the systematic errors from f(F, =) in da” 
imaging, aceess higher-eniengy scales than previ- 
‘ously, and may reveal insightful new physical 
information (3-5), 

Because the TA images always contain 4ay- 
wide unidirectional pattems, an obvious ques- 
tion is whether they are segments of the charge’ 
spin-ondered "stripes" (37-42). tis argued from 
neutron scattering that 4ag-wide unidirectional 
long-range change order forms the basis of static 
stripes (42, 43), Consistent with this picture, 
resonant X-ray scattering in Lay x9sBag 425 Uy 
reveals day-periodic modulations of hok density 
a oxygen sites (44), But the complete atomic- 
scale electronic structure of a cuprate “stripe” is 
‘unknown because direct spectroscopic imaging 
‘has been unachievable. Our TA data on 4up- 
\wide tnidirectional domains (Figs. 3, 4. and 5) 
sscem consistent with the experimental under 
standing (42-44) of the “stripes” in La-based 
cuprates—except that here there is no long- 
range onder [consistent with results fiom (45)]. 
A possible explanation is that a Cu-O-Cu bond- 
centered electronic glass, although ubiquitous 
in cuprates at low hole doping. may be con- 
verted to long-range static “stripe” order due 
to unique erystal symmetry and commensura- 
tion in Lay.gBa,CuOy and Lay 5 Neda aStsCuO 
at c= 1X, Inany case, direct detection of 4ay- 
\wide unidirectional electronic domains by STM 


represents an exciting opportunity to determine 
the intemal electronic structure of a cuprate 
“stripe” (Fig. 4), Furthermore, because our data 
appear consistent with the “luster” phenome- 
nology (8-21, 23-25), the dag-wide electronic 
domains also represent excellent candidates 10 be 
the ubiquitous “clusters” of the ECG state, 

Finally, our samples also exhibit the tenuous 
davave superconductivity of lightly hole-doped 
cuprates. This coexists spatially with the bond- 
centered tunneling asymmetry pattems described 
here. A priori, the TA contrast represents varia- 
tions in the ratio of probability of electmn extrac: 
tion to injection—implying atomically varying 
probability of electronie oceupaney. By contrast, 
the superconductivity consists of delocalized 
d-wave electron pairs, How such disparate ef 
fects can coexist at ow doping, and how the full 
delocalization (25) associated with highest- 
temperature superconductivity emerges from 
this state with increased doping, remain to be 
detenmined, 
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Super Plastic Bulk Metallic Glasses 
at Room Temperature 


‘Yan Hui Liv, Gang Wang, Ru Ju Wang, De Qian Zhao, Ming Xiang Pan, Wei Hua Wang” 


In contrast to the poor plasticity that is usually observed in bulk metallic glasses, super plasticity is 
achieved at room temperature in ZrCuNiAl synthesized through the appropriate choice of its 


‘composition by controlling elastic mod 


i. Microstructures analysis indicates that the super plastic 


bulk metallic glasses are composed of hard regions surrounded by soft regions, which enable the 
glasses to undergo true strain of more than 160%. This finding is suggestive of a solution to 
the problem of brittleness in, and has implications for understanding the deformation mechanism 


of, metaltic glasses. 


th strength has be 
jective pursued in metals and alloys 
id was often achieved through the 
reduction of grain size (). However, with int 
‘ercasing strength, plasticity is normally reduced 
This trend has persisted in nanoerystaline metals 
sand. alloys, which display highly. improved 
strength but very litte plastic deformation (2), 
and in bulk metallic glasses (BMGs) with com 
pletely disordered atomic structures. BMGs 
have strengths approaching the theoretical fimit 
‘Young's modus £/10) (3), but ther plasticity 
AL room temperature is very tow. In uniaial 
tension, the plastic strain is near zero (4), Even 
under compression, the plastic strain sill remains 
very limited (<2%), resulting from shear local- 
ization and work softening. Lack of plasticity 
makes BMGs prone to catastrophic failure in 
load-bearing conditions and restricts their wide 
spread application. This also hinders precise 
study on some fundamental issues in glasses, 
such as the deformation mechanism and the 
‘dynamics of plastic deformation, in which lange 
plasticity is needed for detailed analysis (5). 
Plastic deformation of metallic glasses at 
room temperature occurs through the formation 
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and evolution of shear bands and is localized in 
shear hands. Therefore, britkeness is n= 
warded as an intrinsic defeet of metallic glasses 
Efforts have been made to enhance the plasticity 
of BMGs, but most focus on the fabrication of 
BMG composites (6-9), It is expected that the 
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formation of muliple shear bands throughout a 
sample is nesded for improving its. plastic 

because each band contributes 10 the plasticity 
and none carry enough deformation 10 cause 
catastrophic failure (/0), By carcful selection of 
their compositions, several BMGs have been 
found to exhibit substantially increased plastic- 
ity (4, 6, 9). However, the hypotheses have not 


‘been fully verified, and methods for controlling 
the formation and evolution of shear bands in 
BMGs to improve their plasticity is a remain- 


ing challenge. 

It was recently found that the toughness of 
BMGs correlates with Poisson's ratio v (11). A 
lange v is regarded as an indicator of the plastic 
character of a BMG and could therefore be used 
asa means of identifying plastic BMGs (9), This 
idea was verified in a ductile Pt-based BMG (9) 
and in brittle Mg-based BMGs (/2), as well as 
in Fe-based BMGs that display crossover from 
brittle to ductile behavior via the control of v 
(23), Furthermore, it was also found that elastic 


Intensity (a.u.) 


Heat flow (a.u.) 


550 600 650 700 750 600 
‘Temperature (K) 


Fig. 1. (A) A family of quarternary ZrCuNiAl BMGs is obtained in the composition range (green 
area). In three compositions (circles labeled $1 to 3), v is larger relative to that of other com- 
Positions (the values for v of the ZrCuNiAl BMGs with poor plasticity are normally around 0.365). 
The representative Inoue’s BIG is included for comparison. (B) XRD pattems of the BMGs in the 
form of 5-mm rods show no crystals. 0, XRD scattering angle; a.u., arbitrary units. (C) DSC curves 
exhibit distinct glass transition and crystallization, confirming the glassy nature of the as-cast super 
plastic BMGs (the heating rate is 20 K/min). 
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constants of metallic glasses scale with the 
\eighted averages of those of their components 
(4), Therefore. the elastic moduli provide useful 
«guidelines for the development of plastic BMGs 
‘with lange v by the appropriate choice of their 
composition 

In this study, a family of BMGs consisting of 
conventional metallic components Zr, Cu, Ni, 
and Al was objained. Through compositional 
changes, we created BMGs that have relative 
Jarge v values and display an ability to undeng0 
superplasticity-like deformation behavior at 
room temperature. The exceptional deformability 
ascribed 10 the homogencous and concurrent 
nucleation and evolution of high-density shear 
bands throughout the simples, which are com- 
posed of hard regions surounded by soft regions. 

‘The BMGs were prepared by are meting the 
pure elements under a purified Ar atmosphere 
and in situ suction casting in a Cu mold. The 
amorphous nature of the as-cast alloys. was 
ascertined by x-ray diffraction (XRD), dif 
forwntial scanning calorimetry (DSC) with a 
heating rate of 20 K/min, transmission electron 
microscopy (TEM), and high-resolution TEM 
(HRTEM), Elastic moduli of the BMGs were 
monitored by means of an ultrasonic method 
(U4), The samples with a gauge aspect ratio of 
2:1 were cut out of the as-cast 2-mm rods for 
Uniaxial compression tests. 

‘A family of quartemary ZrCuNiAl BMGs 
\was obiained with the compositions shown in 
the green area of Fig. 1A. Acoustic measure- 
iments show that some compositions, such as 
ZroraCUyNira iho Zr sCuss7Niro2\lo. 
and ZrqCuyssNina Aho (labeled as $1, S2, and 
$3, respectively), exhibit larger values of v 
relative to that of other BMGs in this com 
position range (Table 1), However, their densities 
are very similar (Table 1). Figure 1B shows that 
these BMGs can be cast into entirely glassy rods 
with diameters up to $-mm without the ob- 
servation of any apparent crystalline Bragg 
peaks. Clear glass transitions and shagp erystal- 
Hization events ate observed in the DSC traces 
(Fig. IC), confirming the glassy nature of the 
BMGs. The thermal parameters are also surn- 
maize in Table 1 

Multiple compression tests were performed 
at room temperature on compositions SI. to 


S3. Figure 2A shows the tre stress-tnie strain 
‘curve ofS2 and those of SI and S3 are shown in 
the inset. Similar to other typical BMGs, SI. S2. 
and S3 exhibit clastic strain limits of ~2¥% bet 
‘yielding at 1733, 1690, and 1851 MPa, respec- 
tively. However, after yielding, the materials dis- 
play stress overshoot, as is offen observed in 
superplastic deformation inthe supercooled figuid 
state (5, 16), True strains as lange as ~160% were 
achicved. As a result of such intense deformation, 
the BMG mods were compressed into flakes (Fig. 
2B) without fracturing. The diameter of the flakes 
is more than $ mm and could be expanded 10 
larger sizes, implying high Nowability of the 
BMGx Moreover, the BMGs could be bent into 
desired shapes (Fig. 2C) simiar o flexible metals 
such as Aland Cu. The maximum bending ang) 
approaches 90° in both rods and plates. Such 
lunusual degrees of plasticity and flexibility were 
previously obtained for BMGs in a superoooled 
Tiguid state at high temperatures (17) 

‘As shown in Fig, 2A, the flow stress of S2 
increases with increasing strain after stress 
overshoot. However, the rapid inerease of flow 
stress (when strain is 80%) is not duc 10 the 
strain-hardening. We conducted compression 
tests on S2 and unloaded at different plastic 
2D, the samples’ barrel- 
mplics that ffiction occurs at the 
contact surfaces between the sample and the 
tungsten carbide platens (18). The friction would 
increase flow stres, especially in the ae stage of 
deformation because of the large increase of 
transversal area of the specimen and thus the 
decreased! aspect ratio (/9). The hardness of the 
heavily deformed fake is only slightly greater 
than that of the as-cast sample, suggesting that 
only negligible strain-hardening occurs. Consist- 
cent with previous work (20-22), the deformation 
of the BMGs also exhibits strain-rate softening 
and serrated flow behaviors, 

Unlike in crystalline metals, dislocatio 
mediated deformation is not available in BMGs. 
The formation and evolution of shear bands are 
the main processes that account forthe plastic 

‘of BMGs, especially at low temperatures, 
-anning electron microscope (SEM) observa- 
tions on the specimen surface are given in Fi. 3 
Figure 3 shows two important features of shear 
bands at true plastic strain of 2.7% First, the 


Table 1. Glass transition temperature T,, crystallization temperature T, (obtained by DSC at a 
heating rate of 20 K/min), and elastic constants (E, the shear modulus G, the bulk modulus K, and v) 
measured by an ultrasonic method for the super plastic BMGs and a representative BMG (Inoue’s 
ZrCuNiAl BMG) in the green BMG-forming composition range indicated in Fig. 1A are shown. The 


range of values for v of the ZrCuNiAl BMGs with poor or 


is from 0.350 to 0.375. p, density. 


ited plasticity in the composition range 


hohe e 6 k 

a © oem) Grad) GPad)_—— GPa) 
TassCiNinosaAle GD 653-744 —~6649 8012 29.10 108330377 
TaassCirsyNiosaAlo (52) 643 -745——«6.604 7841 28.46 106.63 0377 
ZraCirssNinsAyo 3 «652 7AB««GGIS.«79.65.«28.89 «109.03 0378 
Inoue's ZasCiyeNeAlo 6642 02.96 30.27 106.65 0355 


‘uniform shear bands, including premature shear 
bands, are formed in different directions even at 
the initial stage of the plastic deformation, This 
results from the interaction of the shear bands 
that alter surrounding stress fields and bring an 
increased local stress level (23) t0 compensitte 
the shear band! induced softening (8), The pre= 
rmoture bands would cary futher plastic strain, 
anoiding the occurrence of catastrophic failure, 
Second, the shear bands appear wavy, The 
periodicity of the wave is about 1 40 3 jum, which 
is consistent with the size ofthe hard regions inthe 
lases. In addition, winglike shear bands were 
formed along the primary shear bands (black 
arrows in Fig. 3A) and even along the premature 
‘wavy shear hands (white amows in Fig, 3A, inset) 
‘The winglike bands can be extended and linked! 
together to sustain ever-increasing deformation. 
Alter trie plastic strain of ~160%, a high density 
of shear bands is formed (Fig. 3B). The BMGs 
have evolved into polyerystablike patterns with 
shear bands serving as “grain boundaries, 

Nanoscale cracks were also found, but none of 
them carried enough deformation to cause spe 
imen facture, The BMGs seem to deform in a 


siamo 


Fig. 2. (A) True stress-true strain curve of $2 
tested at room temperature. The inset shows 
those of 1, and $3. The strain rate imposed is 
2.x 105 for $1 and S2 and 5 x 10°*s™* for 
3, respectively. (B) Compressed flakes of $1, 
52, and 53. (C) S2 bent into different shapes, 
showing exceptional deformability. (D) $2 de- 
formed to various nominal strains. A. barrel 
shape can be seen, which implies that friction 
between the sample and the platens occurred. 
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macroscopically nsar-homogenous manner thx 
profuse and concurrent shear-band formation (8), 
even though the plastic strain is localized. The 


¢ resembles that of crystals, where plastic strain 


is localized in slip bands, 

In onder to correlate the extraordinary plastic 
ity of the glasses with their structure, TEM 
investigations were performed to reveal their 
microstructural features, Figure 44 shows the 


5 jum in size, that are surrounded by continuous 
bright zones, which a OS to 1 ym in 
width, The volume finetion of the bright 20 

estimated 10 be ~10%. The strong, contrast in 
dlicates that the bright zones are thinner than the 
dark ones, implying a higher thinning rate in the 
bright zones under the ion beam, whi 
from the difference in mass-to-thickness con- 
trast produced by the lower density of the bright 
‘zones, where holes even occur (Fig. 44), Similar 
microstructures are observed for SI and! S3 ( 


Fig. 3. The SEM images of the surface of the S2 
specimen deformed to true plastic strain of ~2.7% 
(A) and ~159% (B), respectively. The shear bands 
in (A) appear wavy, and the length of the wave és 
comparable to that of the dark regions in Fig. 4, 
(A) and (8). Black arrows indicate winglike shear 
bands. Nuclei, shear-band nuclei. The inset shows 
‘winglike shear bands along the premature wavy 
ones (arrows). 
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4C and fig. SI) but cannot be found in a con 
ventional BMG (Fig. 4D), indic 
not an artifact from TEM sample preparation 
The seketed-ara electron diffraction (SAED) 
patterns in both bright and dark zones are halo 
Fings, confirming the glassy nature in both zones 
No traces of phase separation, which occurs 
usually on the nanoscale (3), were observed. The 
cnergy-dispersive X-ray analysis did not show 
any substantial composition variation in both 
bright and dark zones, excluding the possibility 
of the occurence of phase separation (3) (fi 
52). The detailed structure of the bright and dark 
zones was also examined by means of HRTEM 
(Fig. 4B). The similar mazclike panerns without 
any erystalline fringe, which are typical features 
Of ghas, can be widely observed. Instrumentd 
nanoindcntation tests on the as-cast super plastic 
BMGs show that a lange fluctuation of Toad is 
eal depth (S00 
4 ym) 


that this is 


3), which indicates stre 
The structural studies confirm the 
‘and compositional homogencity and 
assy nature of the BMGs, However, the 
preferential thinning in the b 
that the bright zones are softer than the dark 
zones or that there are much more thermally 
unstable atomic-scale open volumes existn 
the bright zones (24, 25). A similar structural fe- 
1 found in Pé-based BMGs (26), 
posed of hand 


single y 


zones indicates 


rogions surrounded by soft regions (with I 
values of v), in the super plastic BMGs. 


The 
slight inerease in the fraction of the soft regions 


Wwoukl augment v steeply without substantial 
es in overall density (26), The relatively 
lange v value of these BMGs, which was deter 
mined by an ultrasonic method, is an indicator of 
concentration of such open volumes 

ses. The question of what gives rise to this 
distinctive structural 
ject forthe future 


isa challenging sub 


Fig. 4. (A) TEM image of 52 
showing dark regions surrounded 
by bright regions (corresponding 
to hard and soft regions, respec- 
tively), in which some soft re- 
gions ‘were thinned into holes. 
(B) HRTEM images show maze- 
like patterns that confirm the 
‘glassy nature of the BMGs. The 
insets in (B) and (D) show SAED 
patterns. In both dark and bright 
regions, HRTEM and SAED pat- 
tems are identical, implying 
that no phase separation occurs. 
Similar structures are also found 
in $1 (C). However, the struc- 
tures are not observed in con- 
ventionally brittle BMGs, such as 
Zt59.43Ctas.7sNizesaAlio (D). 


A possible explanation for the origin of the 
concurrent and homogencous formation of copi- 
bands, and hence the extreme deform: 
ability, is based on the distinetive structure of the 
BMGs. The shear transformation zones (27) 
Which begin as small regions where the local 
atomic structure is capable 
under an applied sh 
nucleation sites for the shear bands, The a 
of a region to undergo a shear 

depends on the local microstructu 
sticar transformation zones occur preferentially 
soft regions in BMGs and evolve into shear 
bands upon 
shear-band nuclei are formed concurrently in the 
soft regions. However, the shear-band propaga 
tion would be impeded by the hard regions. This 
imped 3s and 
assists shed inthe 
wavelike appearance of the shear bands and 
the formation of wing bands, The interactions 
between the shear bands and hard regions would 
compensate the softening induced by their 
formation (8), The consistency between the Wi 
periodicity of shear bands in Fig. 3 and i 

hard regions in Fig. 4 supports the assu 


‘ous shea 


stress, serve as the 


ansformation 
28). The 


Jing, Consequently, num 


nce alters the propagating di 


inion, 
Because the soft regions camot cary more 


plastic strain, futher plastic deformation has t0 


proceed in hand n 
Sill attainable, These factors imbue the BMGs 
with super plasticity, HRTEM obser 


ions s0 that more plasticity is 


not reveal nanocrystals even in heavily deformed 
flakes. This indicates that the super plasticity is 


octyl 


Hot a result from the stress-induced na 
lization as found in other BMGs (29); instead, it 
is an intrinsic property, Annealing of the BMGs 
below the glass transition temperature dramat 
cally decreases the plasticity, bocause the anneal 
ing can remove thermally unstable atomic-scale 
es that exist inthe soft regions, 
the fraction of the sof regions and 
(30, 31), On the other hand, the in- 
of proexisting 
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shear bands can dramatically increase plasticity 
of BMGs (32). These results confinm that a 
structural feature is the cause of the super 
plasticity of the BMGs, and the homogencous 
and concurrent formation of multiple shear bands 
throughout the samples is crucial for the 
improvement of plasticity in BMGs, 

‘This unusual plasticity can shed light on some 
fundamental issues on the deformation and 
facture of BMGs, such as the dynamics of 
plastic deformation (5). We measured the evolu- 
tion of shear-band spacing d with increasing 
nominal strain e. It was found that d correlates 
with © via a power-law relation (d where 
A isa constant and B= 1.45, which is different 
from the value obtained by decreasing the 
sample's aspect ratio ¢height/diameter) 10 less 
than 1.0 (8). 

Similar to the glass-forming ability of BMG- 
forming alloys (33), the super plasticity of the 
BMGs is very sensitive 10 their composition. 
went (<1 atomic %6) can 
substantially change the plasticity of the BMGs 
‘The results indicate that, even in the reportad 
BMG systems, extraontinatily plastic BMGs may 
be obained by the appropriate choice of their 
‘composition with the use of the Poisson's ratio 
strategy, The present investigation has focused on 
Zebased BMGs, We expect that the strategy 
would provide usefl guidelines forthe develop- 


Minor deviations in cs 


ment of super plastic BMGs as high-performance 
structural materials in other known or unknown 
BMG-forming alloys and open an area of research 
‘of both fundamental and applied importance. 
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Quantum Hall Effect in Polar 
Oxide Heterostructures 


‘A. Tsukazaki,? A. Ohtomo,*** T. kita,?# ¥. Ohno,* H. Ohno, M. Kawasaki®** 


‘We observed Shubnikoy-de Haas oscillation and the quantum Hall effect in a high-mobility 
two-dimensional electron gas in polar ZnO/Mg,Zna.40 heterostructures grown by laser molecular 
beam epitaxy. The electron density could be controlled in a range of 0.7 x 10” to 3.7 x 10” per 
square centimeter by tuning the magnesium content in the barriers and the growth polarity. From 
the temperature dependence of the oscillation amplitude, the effective mass of the two- 
dimensional electrons was derived as 0.32 + 0.03 times the free electron mass. Demonstration 
‘of the quantum Hall effect in an oxide heterostructure presents the possibility of combining 
‘quantum Hall physics with the versatile functionality of metal oxides in complex heterostructures. 


ne oxide (ZnO), a wide: band yap semi- 
/ onductor, is of growing importance in 
fadyanced electtonies, and its. potential 


applications include transparent conducting ox- 
ide layers for Nat-pane! displays and transparent 
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ficklcfleet transistors (/), Research focused on 
the epitaxial growth of ZnO, particularly in terms 
Of its novel excitonic properties, has led w the 
recent realization of homostructural fightemitting 
diodks (2). Studies of the intrinsic properties of 
Zn0 have yielded a recipe for the preparation of 
high-quality epilayers having high mobility and 
excitonic luminescence with high quantum efli- 
ciency B.A). 

Certain aspects of two-dimensional electron 
‘gas (2DEG) behavior in semiconductor hetero- 
structures have been studied by observing the 
‘quantum Hall effect (QHE)—a quantized mag- 
netotransport accompanied by Shubnikov-de 
Haas (SdH) oscillations in the longitudinal 
resistivity Por and Landau plateaus in the Hall 


resistivity Py (5). Early results Were obtained in 
the material systems of Si/SiO3 or GaAs AIGAAS 
(6, 7). However, after discovery ofthe fractional 
QUE (8, 9), the focus has been extended t0 a 
Variety of other material systems, such as {l= 
nitrides (0) and graphene (17). The observation 
of SdH oscillation requires conditions such as 
(o> Vand fe» hy7, where ng is the eyelotron 
fiequency equal to eB (where ¢ isthe charge 
‘on the electron, B is magnetic fickd, and ® isthe 
electron effective mass), t is the carrier relaxation 
time, his Planck's constant divided by 2x, ky is 
Boltzmann's constant, and Tis absolute temper 
ature. Although several epitaxial oxide hetero 
structures have satisfied these conditions (/2), the 
QUE has not been observed in those materials 
[However a QUE-Nike state was soen in a 
quasi-2D crystal of bulk n-MogOha (/3).) 

In ourstudy, (000 1}oriented Zn0/Ma,Z 0 
heterostructures were grown by laser molecular 
team epitaxy with the use of a semiconductor: 
laser heating system (3). The Mgc2n)-<0 layer 
acts as a potential barter for the 2DEG in the 
adjacent Zn0 layer (14), We used a temperature 
ssradient method that allowed us to grow the films 
over a wide range of temperatures on a single 
substrate (3), The three samples (samples A, B, 
and C) discussed here were of such high quality 
that we were able to look at the eflects of growth 
temperature (7,) of the Zn layers and Mg con- 
font. in the barrier layers (Table 1) [see (15) for 
sample preparation and characterizations), Sam 
ple A was selected from the highest-Ty region 
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of a film with an x = 0.15 bamrier, whereas 
samples Band C were selected trom lower- and 
intermadiste-7, regions, respectively, of another 
film with an x= 0.2 barrier. From the low-field 
Hall coefticient Ry, cartier densities n =—1 (Rue) 
and mobilities = ~Ry Pee at 1K were eval- 
uated to be 0.66 = 10" to 3.7 » 10" em”? and 
2700 to 3500 en? Vl s, respectively. These 
values were nearly independent of temperature 
‘below 1K, but with increasing temperature, 
increased while p decreased, eventually reach- 
ing the room-temperature values also listed in 
Table | (see fig. S4), 


We found that m systematically depended 
on wand Ty for the ZnO layers. Our previous 
study showed that T, was a good parameter to 
control the free earrier density: the intrinsic 
donor concentration increases with increasing 
T, (3). To investigate the dependence on x, it is 
necessary to consider spontancous and piczo- 
electric polarization effects along the polar 
(0001) orientation of wurtzite ZO (16, 17). 
These polarizations induce surface changes in 
individual layers, resulting in accumulation or 
depletion of free electrons at the heterointer- 
faces (/8). Because the growth direction of our 


Table 1. Growth and electronic parameters of ZnO/Mg,Zn-,O heterostructures. Electron densities 
were obtained independently from the low-field Hall coefficient Ry and the low- and high-field 


slopes 5; and 5y, respectively (see Fig. 20). 


Electron density Mobility pw 
(20 cm) fem? V9 SY 
Sample Thickness Growth Mg ie 
‘of ZnO temp. content n= Uke Rida 
(um) co x, Se. 
45 mk ®, 
Tk@.0 2K 300K 2K 300K 
a 11-1020, HHSC S500.—150 
8 04 900 «02004218 5.0 4900160 
c o4 1000020091837 2700160 
ABC 
Er 6 1430 
70118 193 


Ey 95 169 258 


Fig. 1. (A) Schematic of the ZnO/Mig,Zm,0 heterostructures grown on ScAlMgO, substrates. 


Depending on the sign of LAP,(x — 


pa(0|, an accumulation layer represented by broken lines is 


formed either at the surface or in the interface. (B) Calculated (gray and blue shaded regions) and 
measured (solid circles) n as a function of Mg content x in the barrier. Red shaded region [IPpe(x/el] 
and solid orange curve [LAP,,(x)/el] were calculated by using theoretical values listed in tables S1. 
and $2. (C) Potential diagram near the heterointerfaces. Calculated energy parameters are listed in 
the upper panel, where Ey is the Fermi energy, Ep and E; are the first and second subband energies 
with respect to the bottom of the conduction band in the wells, respectively, and Ac is the 
conduction band offset. The colors of the potential profile (solid line) and position of E (broken 
lines) in the middle panel correspond to those of the upper panel, representing samples A, B, and C, 


respectively. 


REPORTS. [ 


samples was identified to be the O-face (2), the 
direction of spontaneous polarization was up- 
‘ward toward the surface (Fig. 1A), From high- 
resolution x-ray difliaction analysis (fig. $3). 
the piezoelectric effect vanishes in unstrained 
uxZ ,0 layers, whereas upward piezo- 
electric polarization should arise in ZnO layers 
fiom tensile strain (14), Thus, the total polari- 
zaition is defined by 


= [Pogh) * 
Pag) 


Pol 
Po) 


a) 
a 


where Pyy(x) is spontancous polarization in 
the MgyZnyO layer, and Pye(x) is. piczo~ 
electric polarization in the strained ZnO layer 
on unstrained Mg,Z1_.0. Note that positive 
6 means that five electrons are accumulated 
at the heterointerface, and negative @ means 
that free electrons are accumulated at the Zn 
surface, 

We calculated 6 as a fimetion of x Fig. 1B). 
When « is higher than ~0.1, polarization-induoed 
positive changes oie (blue shading) are formed 
at the heteroimterfaces, and their density in- 
cereases as x increases, There is good agreement 
between experimental (solid circles) and 
ootimated o7e, despite the ambiguity in Pyg(t), 
‘range of the theoretical values representing all 
of the shaded regions, an! the lack of cons 
ation of charge compensation with five electrons. 
Using the aforementioned polarization charges 
and band offset (/9), we can construct the po 
tential diagram near the heterointerfaces. (Fi 
1C). The subband enensies are estimated using a 
triangular-potential approximation (20) and are 
listed in the upper panel, The enengy separations 
between the two lowest subband levels are greater 
than the Fermi energy. which suggests that in the 
temperature range of the experiments described 
below, carrier occupation in the second subband 
is negligible. 

We measured the magnetotransport prop 
tics (Fig, 2, A and B) using a standard lock: 
technique with ac excitation (10 nA, 19 Hz). At 
low fick, all the simples exhibited negative 
smagnctoresistance. presumably because of weak- 
ly localized carriers, Above ~ 2 T, clear pay 05 
cillations that were periodic in 1/B appeared 
and their amplitudes increased with increasing 
B. Although the zero-resistance state was ab- 
sent because of the large scattering rate, each 
minimum of Pye coincided with the quantized 
Pay plateaus equal to M(ve2), where v is the 
Landau filling index. These observations con- 
firmed the existence of the QHE in our samp! 
and allowed direct determination of the 2DEG 
density (ap). Note that in sample A, the odd 
states, such as v = 3 and 5, had much wider Hall 
plateaus and Larger amplitudes of fixe minima 
‘ative 10 those of the even states (Fig, 2A). 
Consequently the even states, such as v= 4, W 
barely observable in dp.yidB (see circle super 
imposed on red broken line). These features w 
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\well preserved at elevated temperatures (sce Fig. 
2A and upper panel of Fig. 2D). 

Standard analyses were performed using fan 
diagrams (Fig. 2C), where indices of extrema in 
Per andior dj.y/dB are plotted as a function of 
V/B, Taking low- and high-field slopes (Si. and 
Sw), we independently evaluated nap as eS 
and eSwh, respectively, and compared these 
values with (Table 1), where eSi/ generally 
corresponds to the 2DEG density contributing 
to the QHE, The obtained eSyh values were 
systematically smaller than 1 by 9% to 31%, 


A 


apparently indicating that 2D confinement be- 
‘comes weaker with increasing n. To investigate 
carrier dimensionality. we further studied the B 
orientation dependence of the SdH effect under 
the configuration shown in the inset of Fig. 2D. 
‘Sample A exhibited weak oscillation, even with 
B parallel to the interface (0 = 90°), and similar 
‘behavior was obtained for sample B (fig. $6). In 
contrast, sample C, which was expected to have 
more unconfined free carriers, showed vanish- 
ing oscillations with @ approaching 90°. The 
fact that the oscillation periods depended on the 


%o-02 04 0608 1 
11Bcosa (T"') 


2. (A) Longi 


inal resistivity jan, Hall resistivity pay and differential Hall resistivity djy/dB 


versus B measured at 45 mK for sample A. Integers on the horizontal tick marks are the Landau 


level filing factors defined as v = hi(pye”) 


). (B) Pg, and pyy versus B measured at 1 K for samples B 


(top) and C (bottom). (C) Standard fan diagrams extracted from the data shown in (A) and (B). The 
symbols 5, and Sq refer to the Low- and high-field slopes, respectively. Colors are consistent with 
those used for al in (A) and (8). Open symbols were evaluated from data of sample C at 2 K and 


() = 30° shown 


in (D). Note that each increment of index of extrema is set to 0.5. (D) Angular 


dependence of normalized magnetoresistance measured at 2 K for sample A (top) and sample C 
(bottom). Inset depicts the measurement configuration. 


perpendicular B component (B cos 0)", as evi- 
enced by the data at 0 = 30° (open circles in 
Fig. 2C), isconsistemt witha 2D character of the 
electron gas. In this regard, however, we found 
inconsistent results between p extracted from 
fan diagrams and cartier dimensionality evi- 
ddenced by angular dependencies of the SdH os- 
éillaions (sce below), 

Having established the presence of Sal s- 
cillations, we extracted the value of m* from the 
temperature dependence of the SdH oscillation 
amplitude. The resulting Dingle plot for sample 
Cis shown in the inset of Fig, 3, We subtracted 
the ordinary magnctoresistance from the raw 
eB) data and normalized it through [palB) 
PeAO)) PexO) (21). The slope of a linear fit 10 
the plot at B ~ 3.9 T gave m* = 0,32 = 0.03 imp 
(ovhere mg isthe free eleetron mass), and similar 
Salues were obtained for 8 rangin 
45 T. This m® value is somewhat heavier than 
the bulk polaron mass (0.28 mg) estimated by 
«yelotron resonance (22), giving rise tothe pos- 
sibility of mass enhancement with 2D polaronic 
correction (23, 24), 

We next discuss anomalous periodicities of 
the SalI oscillations. The S/S. ratios were 
found 40 be ~3 for samples A and B, and ~2 
sample C. These results suguest that an internal 
etre fickd avising fom the asymmetric tri- 
angular well substantially removed spin degen 
en in zero magnetic field. In this ease, 
the ratio of the slopes directly gives the cartier 
populations in two spin-split subbands, 4, and 
nas SyS= 1 + nun. When applied to sample 
A. this analysis gives a carrier density in one 
thand twice as lange as that in the other band at 
fo ikl and val cat density ap = 
n= 6 10" em? (25,26). As for sampleC, we 
bined char evince ofthe 2D nar, and 
thence we expected that ap would be equal to, 
but in fact we found that 19 was about half fn. 
Together with the approximately linear slopes, 
this finding implies thatthe missed py extrrma 
‘occurred in a systematic fashion. In this situa 
tion, the values of ap and Sy/S, are no longer 
reliable. Because of the stronger polarization 
fickls in samples B and C, rather large spin 
ing would be expected, making it difficult 
to resolve all Landau states (23). Relatively 
lower jt and higher v may further reduce the 
ability 10 discriminate the Landau levels. In 
fact, evenstates with v < 10 tended to disappear 
in sample A, which has the highest ., In the 
above discussion, we ignored the possibility of 
valley splitting bocause there was no evide 
that either Zo or Mg,Z1y.,O has an indie 
band structure. Whether or not the spi 
splitting scenario is likely in our samples, itis 
an inicresting problem to be studied in future 
experiments 

Despite this open question, the observation of 
the v = 2 state is remarkable, particularly when 
compared with isostructural Al.Gay_«N/GaN 
Dtcrostnuctures. I is difficult to obtain an rap 
salue lower than 10!? cm in nitrides having 
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Fig. 3. Normalized mag- 
netoresstivty versus UB 
recorded at various tem- 
peratures. for sample C. 
Inset depicts temperature 
dependence of the loga- 
rithmic amplitude of Py 
peak at 3.86 T (indicated 
by arrow). 


Prd B)-Prx(0)) ! Px (0) 


ALGay..N lattice constants smaller than GaN 
(U8). A’ Pe direction opposite to that in ZnO 
results in piling up of charges induced! by both 
polarizations. Thus, our results imply the ex- 
citing possibility of realizing the factional QUE 
in the present polar heterostructure if the carrier 
mobility can be improved. In addition, given 
‘chemical compatibility with certain other classes 
‘of oxides, the quantized Hall state may be com- 
bined with a broad range of phy'scal properties 
in a complex oxide heterostructu 
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A Molecule Carrier 


K, L. Wong? G. Pawin,? K.-¥. Kwon,? X. Lin? T. 
L. Bartels,"* 5, Stolbov,? T. S. Rahman® 


Yiao,* U. Solanki,” R. H. J, Fawcett,” 


We found that anthraquinone diffuses along a straight line across a flat, highly symmetric 


Cu(111) surface. tt can also reversibly attach one 


(or two CO, molecules as “cargo” and act as a 


“molecule carrier,” thereby transforming the diffusive behavior of the CO, molecules from isotropic 
to linear. Density functional theory calculations indicated a substrate-mediated attraction of ~0.12 


electron volt (eV). Scanning tunneling microscopy 


revealed individual steps of the molecular 


‘complex on its diffusion pathway, with increases of ~0,03 and ~0.02 eV in the diffusion barrier 
upon attachment of the first and second COz molecule, respectively. 


he development of molecules that, when 
Tiss sre i am 

electronic properties resembling those 
‘of macroscopic objects or machines has attracted 
considerable attention (/-3). Examples include 
rotors (4), nanocars and nanowalkers (S-7), var- 
ious kinds of electri 
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and ratchets (/0, 11), For any realization of 
molccularscale machinery, controlled transport 
‘of “cargo” molecules isa key functionality, much 
as transportation of macroscopic objects is the 
key purpose of many machines (e., conveyor 
bls, trucks). Control of surface transport by 
means of adsorbed molecules may additionally 
ofer novel avenues for the optimization of sur- 
face processes such as growthiepitaxy, reactivity 
catalysis, and friction lubrication. 

‘At metal surfaces, diffusion is generally the 
surface process with the lowest enengetic barrier, 
hhence it is the lowest-temperature surface pro- 


cess, Diflasion is random in nature and isotropic 
‘on flat surfaces unless the surface itsell is an- 
isotropic (12, 13); step edges (1), anisotropic 
surfaces (15), and surface templates (7, 16, 17) 
can restrict diffusion to specific pathways or 
areas. The use of such surface features is, how- 
exer, a very inflexible approach for guiding 
surface transport. Previous studies have shown 
that the isotropic diffusion of adsorbates on fat 
surfaces can be tumed into linear and guided 
‘motion by means of incomponition of either two 
sequentially moving thiol substrate linkers (6) of 
. 13) into the adsorbate 
€ approaches were sti 


ful for one specific molecule each, neither of 
them has yet been generalized 10 a class of 


molecules. Moreover, within the mentioned 
approaches, no transport of any “cargo” mol- 
ecules has yet been realized, although con- 
certed motion of adsorbates has been observed 
in unrelated systems (/8, 19). Here we show 
that anthraquinone (AQ) molecules (Fig. 1A) 
an transport one oF two COs molecules i 
linear and guided fashion across an isotropic 
Cul) surface: 

This study uscd a custom-built yariable- 
temperature scanning tunneling microscopy 
(STM) system housed in a vacuum chamber 
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10 
Cu(II) sample involved cycles of sputterin 
(Ar, 3 KV) and a 
confirmation of sample cleanliness by STM 
im a 90 K, AQ was deposited in 
of-sight fashion from a glass capillary attached 


(base pressure torn). Preparation of the 


to the ultrahigh-vacuum system, During deposi 


tion, the chamber pressure increased by <2 
10 torr. Although the CO3 


background pressure during deposition is suffi 


Fig. 1. (A. 


two STM images (voltage V = ~1.5 V, current 


surface 
posited COz 
valve. More 
rm the effec 
AQ on Cull 


the 
10 


lor 


nple thro 


ported here 
! by STM 
that is. al 


substrate high-symmetry direction 


reveals rapid. and 


ratures as low as 20 K. CO; mob 


1.6A 


Time-lapse 


a needle 


ecules appear as depressions in STM images; 
they are mobile in the same temperature range 


and they diffuse in an isotropic fashion (Fig. 1). 


to On surfaces with ultralow coverages of AQ and 
COs, we find attachment of COs molecules to 
as an cach side of AQ by random diffusion of either 


fctly linear diffs 


nd B) The diffusion of AQ (protrusions, white) and CO, (indentations, red) molecules between 


80 pA, temperature T = 26 K, area A = 95 x 130 A) 


taken 2 hours apart. The diffusion pathways (white lines) were obtained from intermediary images. 


Fig. 2. (A to C) Detachment and reattachment of a CO, molecule (depression, red) on the left side of an 
AQ (protrusion, blue-white), (C to F) Diffusion of AQ with two COz molecules by means of individual steps 


of its oxygen atoms (see Fig. 3). In all images, V = 


surface state oscillations. 


“ee 5 ap 


35 mv, | = 60 pA, T= 50K, and A= 20 x 40 A, 
Note the edge of a cluster of AQ molecules in the bottom left, serving as a marker, and the Cu(111) 


oe 


! So 


— 
. 


Fig. 3. Model of the diffusion of an AQ molecule with one CO2 attached: results for zero and two COz 
molecules ate very similar. AQ diffuses along the substrate high-symmetry direction by sequentially 
moving either one (i,k) or the other (i) of its oxygen substrate linkers (red). Steps la and Ib are 
inversion-symmetric and often occur in direct succession so that the molecule appears to step between 


configurations 2 and 3 (Fig. 2). 


1¢ species or lateral manipulation by the STM tip, 


In the resultant complex, AQ maintains its char 
d 


however, its center ring is imaged as less pro- 


acteristic linear diffusion and its elongated shape: 


tuding. A sequence of detachment and re 


attachment of one of two CO, molecules fom 

AQ is shown in Fig. 2, A to C (20), Unloadi 
‘ean occur by means of the STM. tip or spor 
50K. Manipal 

10 

increase in the tunneling current relative 10 im. 
100 mV 


tion of COs molecules requires a factor of 
asing (ie, a few nA) at biases of 

Density functional theory calcul 
that the linear diffusion of AQ with and without 
atached CO3 proceeds by altemating steps of its 


ceurbonyl groups along a substrate high-symmetty 
line (F Tn contrast to previous report on 
the linear diflusion of dithioanthracene ina 


similar fashion (6), the molecular orientations 

associated with the 

substrate linkers can be observed in STM as 

the AQ-COs 

Frequently the AQ moiety is found to be angled 
10 high 

n. A sequence of three steps 


individual step of the 
complex steps across the surfice 


of an AQ carrying two CO molecules is shown 
in Fig. 2, Cw F 
The calculations indicate a horizontal adpo- 


n both fr isolated CO} molecules and ones: 


attached 10 AQ (Fig 


3), which is in agreement 


With spectroscopic measurements on. isolated 
species (2/), All calculations used the VASP 
code (22) with the generalized-gradient approx: 
imation (23) for the exchange-correlation func 


tional and the plane-wave pseudopotential method! 
(24) with ultrasoft pseudopotentials (25), Our 
calculations used a supercell of $= 6 substrate 
atoms, and results obtained with two and three 
substrate layers were similar: The attractive inter 
and AQ (F 


the total ene 


action between CO, x) Was cal 


culated! by compari ies of copper 


pasen, 2 Maire 
\ <57mev? © Antheaquinone + 1CO, 
z 
é 
ae 


1 Temperature (1/K) 


Fig. 4. Arthenius plot of the diffusion of AQ 
molecules with zero, one, and two CO2 molecules 
attached. The resultant diffusion barriers are in: 
dicated. The error bars are smaller than the sym- 
bols, and the statistical error of each of the barriers 
' below 10 meV. The prefactors are low (kHz 
regime), similar to (32), 


slabs without any adsorbate (Fo), with only COs 
(Feo,), with only AQ (Faq) and with AQ and 
(COs (Foe): Fater = Feats * Fo ~ Foor ~ Fay = 
0.12 eV. This interaction is mediated by the 
substrate (26-30) rather than involving a direct 
intermolecular bond: its energy correlates well 
With the occasional observation of spontaneous 
separation at >50 K. 

‘The velocity of AQ decreases when it carries 
4 CO, load, From temperature-dependent mea- 
surements of hundreds of steps of AQ (with 
zero, one, oF two COs molecules attached), we 
‘obiained the Ambenius plot shown in Fig. 4. It 
indicates that the diffusion barrier for AQ of 
~0.02 eV increases by ~0203 eV upon attach- 
ment of the first CO: molecule and by an 


additional ~0.02 eV for the second molecule, 


thus roughly doubling and tripling, respectively 
Although the diffusion. banices of Fig. 4 arc 
Very low in absolute terms, they correspond well 
With other species and complexes on Cu(t11) 
fe... Cu atoms, 0.037 eV (30); CO chevrons, 
0.010 eV] 37). 

AQ’ ability to reversibly attach CO} pro- 
Vides a means for transport of COy molecules 
along a fine from point A to point B on a surface, 
as long as A and B are connected by any of the 
the CuCl) high-symmetry directions, This 
resus in stark contrast to CO's native isotropic 


diffusion. As such, our observations are prot of 
Principle for the application of molecules at 
surfaces as molecularscale analogs of macro- 
scopic machinery ("molecular machines”) that 
is, as entities that change the position oF proper 
ties of separate, moleculr-scale objects ina 
predetermined fashion, 
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Multifunctional Encoded 
Particles for High-Throughput 
Biomolecule Analysis 


Daniel C. Pregibon,? Mehmet Toner, Patrick S. Doyle™ 


High-throughput screening for genetic analysis, combinatorial chemistry, and clinical diagnostics 
benefits from multiplexing, which allows for the simultaneous assay of several analytes but 
necessitates an encoding scheme for molecular identification. Current approaches for multiplexed 
analysis involve complicated or expensive processes for encoding, functionalizing, or decoding 
active substrates (particles or surfaces) and often yield a very limited number of analyte-specific 
codes, We present a method based on continuous-flow lithography that combines particle synthesis 
and encoding and probe incorporation into a single process to generate multifunctional particles 
bearing over a million unique codes. By using such particles, we demonstrate a multiplexed, single- 
fluorescence detection of DNA oligomers with encoded particle libraries that can be scanned 
rapidly in a flow-through microfluidic channel. Furthermore, we demonstrate with high specificity 
the same multiplexed detection using individual multiprobe particles. 


he ability 10 quantify multiple proteins, 

| -ylokines, or nucleic acid sequences in par- 
allel using a single simple allows re 
linicians 0 obtain high-density 


searchers: and 
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information with minimal assay time, sample 
Volume, and cost. Such multiplexed analysis is 
accompanied by several challenges, including mo- 
Iecular encoding and the neal to retain assay 
sensitivity, specificity, and reproducibility with the 
use of complex mixtures. There are two brood 
classes of technologies used for multiplexing: pla- 
nar arrays (J-3) and suspension (partick-based) 
amrays (4-21), both of which have application- 
specific advantages. Plnar arrays, such as DNA 
and protein microarrays, are best suited for 


applications requiring ultahigh-ensity analysis, 
In companson, suspension arrays benefit from 
solution kinetics, ease of assay modification, 
higher sample throughput, and better quality con 
trol by batch synthesis (22). Although panicle- 
frased amrays have been used for high-density 
genotyping applications (23), they are most fi- 
Yorable over microaumays when detecting a modest 
‘number of targets over large populations or when 
rapid probe-sct modification is desired, Wher 
planar amays rely strictly on positional encoding, 
suspension arrays have used a great number of 
cencodting schemes that can be classified as spoc= 
twometic (4-1), graphical (12-16), electronic 
(17-19), or physical (20, 20) 
Spectrometric encoding uses spec 
Jengths of light or radiation [including fuoro- 
phores (4-7) chromophores (8), photonic structures 
(9, and Raman tags (10, 1)| 10 identify. a 
species. Fluorescence-encoxted microbeads (4-7) 
can be rapidly processed by using conventional 
flow cytometry for on fiber-optic arrays (24)], 
making them a popular platform for multiplex 


ing. However, there are several disadvantages of 


using multiple fluorescent signals as means of 
barcoding, including (i) the limited barcodes 
achievable (typically ~100) because of spectral 
‘overlap, (i) the lack of portability for bulky 
How eytometers, (iii) added cost with each 
Alyorescent exciter and detector needed, and 
(iv) potential interference of encoding fluo- 
rescence with analyte-detection fluorescence 
For these reasons, single-fluorescence methods 
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exist that use graphical techniques to spatially 
‘embed barcodes on microcamiers. 

Graphical barcodes rely on the patterning 
‘of optical elements on a microcarrier: some 
‘examples include striped rods (/2, 13), ridged 
particles (74), and dot-pattemed particles (14, 13). 
‘The chemistries used to fabricate such par- 
ticles (metallic or photoresist) require additional 
coupling chemistries to conjugate biomolecules 
to the surface, and, in the case of striped rods, 
cach metallic pattern needs to be generated 
‘one hatch at a time, Typically, the pattems on 
these particles can only be distinguished if the 
Muorescence of the target siznal is suliciently 
h, Another graphical metho! for microcarier 


‘codes into fluorescent beads (76). In this method, 
synthesis and decoding are time- 
g it an unlikely candidate for 
h-throughput analysis. A method that elimi- 
hates Nooreseence altogether uses nadie frequen 
‘ey memory tags (17-19). This approach is very 
¢ it allows for neatly unlimited 


barcodes 10") and decouples the barcoding 
scheme from analyte quantification (Muores- 
cence), but the synthesis of any appreciable 


umber (thousands or millions) of these elee- 
tronic mictochip-based carricrs may prove to be 
expensive and slow, These and several other 
methods developed for multiplexed analysis have 
been thoroughly reviewed elsewhere (25, 26). 
We introduce a technique that overcomes 
many of these multiplexing limitations. By ex- 
ploiting laminar flows characteristic of micto- 
Nuidies, we demonstrate the ability to generate 
‘multifunctional particles with distinet regions for 
analyte encoding and target capture (Fig. 1). In a 
typical experiment, we flowed two monomer 
streams (one loaded with a Muorescent dye and 
the other with an aerylate-modified probe) 
adjacently down a microfluidie chanel and used 
4 Variation of continuous-flow lithography (27) 
to polymerize particles [with 30-ms bursts of 
ultraviolet (UV) light} across the streams (28) 
(movie S1). In this manner. particles with a fluo 
escent, graphically encoded region and a probe- 
loaded region can be synthesized ina single step. 
Each particle is an extruded two-dimensional 
(2D) shape (Fig. 1B) whose momphology is de- 
temnined by a photomask that is inserted into the 
field-stop position of the microscope and whose 
chemistry is determined by the content of the 
eoflowing monomer streams. The cross-linkeat 
polymer particles then flow down the channet 
[without sticking due to oxygen inhibition near 
the channel surfaces (27)), where they are col- 
lected in a reservoir. The particles can be rinsed 
‘of excess monomer and then used for biological 


Iy(ethykene glycol) (PEG) (well 
known as a bio-inet polymer) as the particle 
foundation to climinate the need w "block" 
surfaces fier probe conjugation and as a transpar- 
‘ent material to allow transmission of fluorescent 
signal from both paticle faces. These propertics 


‘oding is the selective photobleaching of 


should enhance both specificity and sensitivity of 
analyte detection. We used a simple dot-coding 
scheme 10 © particles that can bear over a 
million (2°) codes (Fig. 1C). Particles were de- 
signed to be “read” along five lanes down their 
Jength, with alignment indicators that were used to 
identify the code position and the read “direction” 
despite the panicle orientation (Fig. 1C). The fat, 
Jong shape of the particles helps align them for 
scanning in a flow-through device. The spatial sep- 
aration of various chemistries on the particles 
allows docoxting and tans:t detection to be achieved 
by using & single fluorophore 

To demonstrate the versatility of particle syn- 
thesis, we selectively labeled monomer streams 
\ith a fluorophore and used a variety of channel 
designs to generate particles bearing a single probe 
region, mulipke probe regions, and probe-region 
gradients (Fig. 1. E to G). Multiprobe particles 
(Fig. IF), made with the use of channels with 
several inlet streams, allow for a direct, singhe- 
particle comparison of several tangcts. Further 
more, probe gradients (Fig. 1G), made by simply 
allowing diffusion ofthe probe across stream in a 
Jong channel, are useful for broadening the 
detection range of an analyte when using a fixed 
detection sensitivity (when the signal can satu- 
rate) If magnetic nanoparticles are incorporated 
in a gradient, it may be possible to produce a 
temperature variation along particles. wh 
stimulated in an oscillating magnetic field (29) 


< 5 
Ee] 


<) 
eos) 


A key feature of our method is the direct 
incorporation of protxs into the encoded particles. 
This is accomplished by simply adding acrylate- 
modified biomolecules into the monomer solution. 
‘Afier polymerization, the probes are covalently 
‘coupled to the polymer network. This process is 
applicable for both oligonucleotide and protein 
probes (30-32). We demonstrate that the short 
bursts of UV used to synthesize probe-conjugated 
particles are not detrimental tothe functionality of | 
incomporated oligonucleotides, Previously, we 
showed similar results with bead-bound antibodies 
that were incorporated into polymer structures 
‘made from nearly identical monomer constituents 
8,33), 

To demonstrate multiplexing capabilities, we 
wed acrylate-modified oligonucleotide probes 
(which are commercially available) for DNA 
sequence detection (Fig. 2, A to C), We synthe- 
sized three batches of particles: one of which was 
Jaded with 20-base pair (bp) oligonucleotide 
probe 1 (SATA GCA GAT CAG CAG CCA 
GA-3, another with probe 2(S-CAC TAT GCG 
CAG GTT.CTC AF-3', anda tind with 00 probe, 
to serve as a control, Tarysts were fluorescently 
labeled oligonucleotides with complementary 
sequences to the two probes, We mixed the par- 
ticks and incubated them for 10-min at room 
Aemperature in microwells containing either tanget 
1 (at 1 uM, target 2 (at 1 iM), both tangets (bath 
af 05 iM), oF no target (28). A positive target 


Fig. 1. (A) Schematic diagram of dot-coded particle synthesis showing polymerization across two 
adjacent laminar streams to make single-probe, halfluorescent particles [shown in (B)]. (©) 
Diagrammatic representation of particle features for encoding and analyte detection. Encoding scheme 
shown allows the generation of 2" (1,048,576) unique codes. (D) Differential interference contrast 
(010 image of particles generated by using the scheme shown in (A). (E to G) Overlap of fluorescence 
and DIC images of single-probe (E), multiprobe (F, bottom), and probe-gradient (G, left) encoded 
particles, Shown also is 2 schematic representation of multiprobe partides (F, top) and a plot of 
fluorescent intensity along the center line of a gradient particle (G, right). Scale bars indicate 100 jum 


in (©), (F), and (G) and 50 jm in (E). 
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on fluores 
the pare 


detection was indics 
cence, which was more pronounced ne: 
ticle edges. This result suggested that ta 
able to diffise and hybridize several jm into the 
panicle body (28). In each instance, the particles 


ed by probe 


Fig. 2. Multiplexed 
analysis using single- 
(A to © and multiprobe 
(D to F) encoded par- 
tides, The particles were 
loaded with DNA oligo 
mer probes (O1, 5-ATA 
GOA GAT CAG CAG CCA 
GA-3, or 02, SCAC TAT 
GCG CAG GIT CIC AT-3) 
or no. probe [negative 
control (C)] as. shown 
schematically in (A) and 
(€), Shown are repre- 
sentative fluorescence 
images for single-probe 
(8) and multiprobe 0) 
particles after a. 10-min 
incubation with both 
fluorescent-labeled tar- 
gets, Fluvescence in the 
probe regions indicates 
target detection. Also 
shown are individual par 
ticles after incubation in 
solutions containing no 
targets, target 1 only, tar- 
get 2 only, or both targets 
{(O and (P). Scale bars, 100 um. 


Fig. 3. Flow-through part- 
cle reading. (A) Schematic 
representation of a flow 
focusing microfluidic device 
used to align and read par- 
ticles. after hybridization 
experiments. Particles are 
directed down a narrow 
channel and are imaged by 
using fluorescence micros- 
copy. (B) A typical image of 
2 particle taken in a flow 
through device as shown in 
(A). The image was captured 
by using a microscope- 
mounted camera with an 
exposure of 1/125 5 as the 
patticle flowed at a velocity 
of ~1200 jim’s through the 
channel. Scans of fluores- 
cent intensity were taken 
across the five lanes of the 
particle to reveal the code 
and detect oligomer targets 
(01 and 02). With the par- 
ticle in this orientation, the 
code is read from right to 


‘detection 
region 


showed uniformity (28) with high specificity 10 
fluorescence only when 
20, 

he power of our mul 


the oligomers, eshibitin 
the target was present (Fi 


To further demonstrate 


tiplexing scheme, we performed the sume se 


butter particles 


In butter 


S puter 


Velocity: ~1200im/s 
LD Analyte Detection 


Lisarcode 
Code: 10x 1101000101 0011 0110 


Ctl. Avg: 0.066 = 
‘Avg +3SD: 0.102- 
328 (+) 


o1 


pixel 


left and tp to bottom, where 1 0, and x representa hole, no hole, and an alignment marker, respectively. 
Particle shown is 90 um by 270 jum. AU., arbitrary unis 


uci 
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quence detection assay with the use of particles 
with multiple adjacent functionalities (F 
F) In this manner, we were 


ble to simultancously 


assay for the two target sequences (with a negative 
control) on a single particle. Again, the assay was 
highly specific (Fig, 2F) and very uniform from 
particle to particle (Fig, 2D) (28), The interfaces 


between probes on the particles ane very sharp, 


aad thinner stripes could be used for even 
multiplexing capabilities, 

In onder to prove that this method of multi 
plexed analysis is practical for high-throughput 


applications, we developed a simple scheme 10 
scan particles ina flow-thnough device (Fig. 3), 
Multiprobe particles used in the hybridization ex- 
periment just described (Fig, 2, D to F) were 
flowed through a microfluidic channel and ob 
sewed on an inverted fluorescence microscope 
(28) Particles were aligned by using flow-focusing 
anxl traveled down a channel only slightly lager 
than the panicle width (Fig, 3A), We used at bio- 
fiiendly surfactant (28) 10 ensure that the particles 
flowed 
sicking 


smoothly down the channels. without 
Im d 
datection region in the channel with an exposure 


went taken at a de 


of 1/125 sas the particles passed the fick! of view 


liter analyzed to determine the particle code and 
«quantify targets (movie $2), 

A representative particle im 
) with corresponding intensity plots along 


= objective), Image sequences were 


(Fig 


the five particle “reading lanes.” The code along, 
each lane can be determined by analyzing the 
sharp dips and plateaus in the intensity plots, By 


using the control-region fluorescence, we defined 


a pensitive target detection as the control aver 


imiensity plus three standard deviations for each 
particle. We were able to accurately identify the 
both oligonucleotide tangets after only 
a short 10-m 


The thro 


incubation, 


Jnput of our system is prin 
determined by the detection scheme and the par 
ticle size. The particles synthesized for this study 
re relatively large compared with those in other 


flow-through methods, measuring 90 jum in 
width, ~30 jum in thickness, and 180 t0 270 jum 
in length. Large size not only limits the through 


pul of a system but also increases the sample 
volume. However, the great particle 
reproducibility we have demonstrated (28) will 


utile 


afford a much lower redundancy than is typical 


in flow-through systems, improving efficiency 


By using conservative estimates, we found that 
‘our system should be capable of providing rapid, 
high-density analysis with a manageable sam. 
ple volume (28) despite the seemingly lang 


tick: size. 
In addition tw being very reproducible, we 
have also shown that our system is very sensitive 
With 30-min incubations, we can detect DNA 
mers comfortably at $00 attomoles without 
al amplification (28), This 
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‘of multiple probes, low cost (28), virtua 


1396 


synthesis, incorporation 
ly 


unlimited codes, and implementation using litte 
more than standard fluorescence microscope. 


tages of all-in-one particle 
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Inverse Relations Between 
Amounts of Air Pollution and 
Orographic Precipitation 


Daniel Rosenfeld,** Jin Dai,? Xing Yu,? Zhanyu Yao,” Xiaohong Xu,” 


Xing Yang,” Chuanti Ou? 


Particulate air pollution has been suggested as the cause of the recently observed decreasing 
trends of 10 to 25% in the ratio between hilly and upwind lowland precipitation, downwind of 


urban and industrial areas. We quantified the dependence of this rat 


‘of the orographic- 


precipitation enhancement factor on the amounts of aerosols composed mostly of pollution in the 


{ree troposphere, based on measurements at Mt. Hua near 


’an, in central China. The hilly 


precipitation can be decreased by 30 to 50% during hazy conditions, with visibility of less than 
8 kilometers at the mountaintop. This trend shows the role of air pollution in the Loss of significant 
water resources in hilly areas, which is a major problem in China and many other areas of 


the world. 


age concentrations of submicron panic 
| ate air pollution have been documented 

fo suppress precipitation-forming processes 
by serving as cloud-drop condensation nuclei 
that form clouds with small drops that ane 
slower to coalesce into raindrops and to glaciate 
into ice hydrometcors (/-). This is manifested 
as less precipitation on the ground when the 
lifetime of the cloud is shorter than the time for 
the conversion of cloud water into precipitation. 
Such short-lived cloud elements typically form 
as air rises over topographic barriers and evap- 
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‘orate when forced down across the ridge line 
Therefore, decreasing trends in the orographic 
enhancement factor of the precipitation (Ro). 
Which is the ratio between the hill and the 
upwind plains precipitation, we 
to reflect the trend of increasing air pollution 
during that period (5). This hypothesis 
supported by the documented reductions of 
10 to 25¢% in the past half century in much of 
the mountain ranges of the westem United 
States, downwind of major urban and indus- 
trial areas (5-8). However, because of a lack 
of historical records of ambient acrosols, it 
was not possible to quantitatively relate the 
amounts of air pollution to Ro. We used a set 
of measurements taken since 1954 on a 
mountaintop in central China to quantify the 
impact of aerosol loading on precipitation in 
that area 

A meteorological observatory at the 
of Mt. Hua (32 


120 km cast of Xi'an, China (see location in 
Fig. 1), provides a complete record of four 
‘measurements per day of all meteorological 
clements, except for one measurement 
day of precipitation depth, The visibility (VIS} 
befor 1980 was reconded as 10 classes, 
the values after 1980 were esti 
in kilometers, with respect to 
Known distance in the mountainous. land- 
scape, In order to reduce the effect of rela- 
tive humidity (RH) on visibility, RH values 
greater than 40 and less than 99% were con= 
verted to the equivalent visibility in dry con- 
ditions (i.¢., RH <40%), When RH <40"%, the 
Visibility did not need to be corrected for 
RI. The correction formula is expressed as 


VISIVIS(dry) = 0.26 ¥ 0. RID, 
where RH is in perc ison the 
basis of 10. If there was fog or precipitation 
at all visibility observation times in a day, the 


visibility of that day was excluded trom the 
corrected visibility series. The daily average 
values are presented in Fig. 2, The visibility 
at the mountaintop, shown in Fig, 2, had a 
marked decreasing trend for the whole mea- 
surement period, This trend reflects the trend 
fof inereasing air pollution in China (9 10) 
during that time, Consistent with the hypoth- 
cesis that air pollution suppresses orographic 
precipitation, Ro shows statistically si 
cant decreasing trends of 14 and 17%, with 
respect to the low-level rain pau 
and Xi'an (see locations in Fi 
tively (Fig. 3), 

The cause for the association of visibility 
and Ro trends can be tested by ignoring the 
time factor and testing Ro directly, as 
function of the visibility distance. This was 
done for the uncorrected visibility (Fiz. 4), 
because many of the precipitation events are 
excluded with the corrected visibility. We 
hypothesize that reduced visibility indicates 
the presence of more aerosols and cloud 


1, respec 
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Fig. 1. Topographic map of the study area. The height contours represent elevations of 500 (green), 
1500 (blue), and 2000 m above sea level (red), respectively. 
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Fig. 2. Trends of (A) the observed visibility and (B) the corrected visibility at At, Hua during the whole 
‘observation period. Each point represents the averaged visibility for 1 day. The linear trends are calculated 
separately for the periods before (VIS) and after (ViS2) 1980, when the observation methodology was 
changed. See table 51, A and B, for data. 
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Fig. 3. Trends of annual precipitation amounts and Ro between Att. Hua and 
the plain stations of (A) Xi'an and (B) Huayin. The overall decreasing trend in 
Ro i given as a solid fine within each plot, as the ratio between Ro as 


Huayin Annual. Ro2004/R01970=1 31/1.52=0.86 
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condensation nuclei (CCN) that reduce the 
precipitation over Mt. Hua. If this hypothesis 
is incorrect and visibility docs nothing to the 
precipitation amounts, a reduced visibility 
should be mainly a result of greater RH and 
‘more precipitation at the location of visibility 
observations (Mt Hua), This phenomenon 
should cause an association of decreased 
y with increased preci 
the mountain, with respect 10 the reference 
precipitation in Huayin, which is the closest 
and best-comelated rin gauge to Mt Hus 
However, the observed relations presented 
Fig. 4 show exactly the opposite result, The 
average precipitation over Mt, Hua is almost 
double that of Huayin in relatively good 
Nisibility of 20. km, ‘That ratio decreases 
and the amount of precipitation at Mi, Hua 
approaches that of Huayin at visibilities of 
¥ km and below. The effect of decrea 
Ro with reduced visibility due wo enhane 
actosol loading overpowers the expected 
opposite bias because of the reduction of 
over Mt. Hua at times of enhanced 
precipitation and RH, This observation sup- 
ports the suggestion that the association 
between the trends of de 
and Ro is caused by the 
hanced acrosols, with time causing a trend of 
suppression in the precipitation over Mt. Hua 
eater than that shown by the plains 
n gauge. Which is 
Ro 


ibility to nearly 1 when visibility was less than 
8 km, The calculated average Ro for visibility 
intervals was about 1.65 in periods of good 
km) and decreased to nearly 1,2 
of less than 8 km. This average 


P=0.036 2 


08 
1970 1975 1980 1985 1990 1995 2000 2005 


Year 


‘estimated by the regression line at the end of the time series and Ro at the 
beginning of the series. The regression equations for the three lines are given 
‘above the top of each plot. See table 2, A and B, for data. 
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Fig. 4. The daily rainfall at Mt. Hua 
and Huayin as a function of the 
visibility at Mt, Hua for 1980 to 
2004. The red and black lines are 
interpolated curve fits with a weight 
applied. The weight is applied to 
20% of the data (10% to +10% 
of the data around the current 
point. Ro, which is the distance 
between the tines along the loga- 
rithmic ordinate, is reduced for 
lower-visibility distances. Ro for 
discrete visibility intervals (between 
2, 4, 6, 8, 10, 12, 14, 16, 18, 21, 
25, and 42 km) is denoted by the gy 
large black circles with the values 2 
‘on the right ordinate. The suppres- 

sion effect saturates at a visibility 

distance of ~B km. See table 53, A and B, for data. 


ase in Ro of about 30% is consistent 
With the findings of the case study reported at 
the Rocky Mountain-top observatory, where & 
jon in the snow rate was related to 
caused smaller cloud drops and 
jency of theit riming on snow- 


Mlakes (11), 
These observation 


a proxy 10 
ons in the free tropexphe 
the visibility at the top of Mu Hua at 2060 m 
above sea level—is directly comelated with the 
decreasing trend of Ro on a climatologically 
meaningful scale, The observed suppression of 
precipitation at Mt, Hua is only one such ob- 
servation in China, but given the extensive 
‘occurrence of this phenomenon elsewhere in 
the world, itis likely that this is @ major cause 
for suppressing precipitation at the mountain 


Care » 
Visibiity at Mount Hua (km) 


ranges that provide much of the world’s water 
resources 

The sensitivity of the precipitation from 
‘orographic clouds to the detrimental impact of 
pollution acrosols is not one-sided. This abo 
means tht seeding the same clouds with acro- 
sobs that are engineered to accelerate the con- 
version of cloud water into precipitation can 
enhance the precipitation, especially under con- 
ditions where the Water losses resulting from air 
pollution are the greatest. This has already been 
shown to be the ease in Israel (/2), 

Quantifying the response of precipitation to 
aacrosol amounts addresses the recommendation 
of the US. National Research Couneil (/3) that 
the concept of radiative forcing should be ex- 
panded to metrics of nonradiative forcing, such 
as those caused by the effects of aerosols on 


clouds and precipitation, which affcet Earth's 
water and energy 
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Autophagy-Dependent Viral 
Recognition by Plasmacytoid 


Dendritic Cells 


Heung Kyu Lee,?* Jennifer M. Lund,”*t Balaji Ramanathan, * 


Noboru Mizushima,’ Akiko Iwasaki*t 


Plasmacytoid dendritic cells (pDCs) detect viruses in the acidified endosomes by means of Toll-like 
receptors (TLRs). Yet, pDC responses to certain single-stranded RNA (ssRNA) viruses occur only after 
live viral infection. We present evidence here that the recognition of such viruses by TLR7 requires 
transport of cytosolic viral replication intermediates into the lysosome by the process of autophagy. 
In addition, autophagy was found to be required for the production of interferon-« by pDCs. These 
results support a key role for autophagy in mediating ssRNA virus detection and interferon 

secretion by pDCs and suggest that cytosolic replication intermediates of viruses serve as pathogen 


signatures recognized by TLR7. 


tection of viral infection by the innate 
arm of the mammalian immune system 
relies on several distinct pathways: 


The classical viral recognition pathway, used 
by most cell types, involves cytoplasmic pat- 


tem recognition molecules to detect viral 
signatures such as double-stranded RNA 
(dsRNA) structures (/) and 5'-triphosphate 
RNA (2, 3). In contrast, the plasmacytoid 
dendritic cells (pDCs) are thought to detect 


Viruses without being directly infected and 
achieve this through the use of Toll-like re- 
ceptors (TLRs) in the endosomes (4). Viral 
particles containing dsDNA genomes, such as 
herpes simplex. viruses (HSV) and murine 
cytomegalovirus, are recognized by TLR9 
(5,6), whereas those containing single-stranded 
RNA (ssRNA) genomes, such as influenz: 
virus and vesicular stomatitis virus (VSV), are 


detected by TLR7 (7-9), When experimen- 
tally tangeted to the endosome by liposomal 
agents, purified dsDNA and ssRNA can 


trigger TLR-dependent expression of type 1 
interferons (INS) (7, 9, 10), Moreover, ul 
traviolet (UV)-irradiated HSV (6, 17, 12) 
and heat-inactivated (7) or formaldehyde 
fixed (/3) influenza virus can induce IFN-a 
responses comparable 10 their live counter 
parts in pDCs. pDC recognition of HIV-1 
‘occurs independently of fusion or replication 
but requires attachment and endocytosis 
showing that infection by live virus is not 
required (/4). These observations have led to 
the idea that the TLRmediatd recognition of 
viruses in pDCs occurs without direct int 
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tion and that the presence of viral genomic 
nucleic acids within the endosomal lysosomal 
‘compartments is sufficient to activate antiviral 
pathways (/5). However, this paradigm does 
not explain why UV irradiation renders 
particular ssRNA viruses, such as respiratory 
syncytial virus (/6) and VSV (7), incapable 
fof inducing IFN-c secretion from pDCs. In 
these cases, the mechanism of recognition of 
ssRNA viruses by pDCs remains unclear and 
suggests that a separate pathway may be 
‘operating to ensure recognition of such viruses 
in pDCs 

To explore the intracellular mechani 
of ssRNA viral recognition in pDCs, we 
examined the requirement of different stages 
in viral infection. In contrast to the situation 
with HSV recognition (6, 17, 12), robust 
IPN-« production by purified pDCs (/8) in 
response t0 the ssRNA viruses, Sendai virus 


(SV), and VSV, required live virus infection 
(Fig. 1). Thus, UVsirradiated SV and VSV 
induced comparatively lower levels of IF 


production in pDCs relative to live viruses 
(Fig. 1A). This difference in IFN-« levels 
could not be accounted for by increased 
Virion production with live viruses, because 
PDC failed to produce a sign 
Of virions during 18 hours of incubs 
SI), In contrast to SV and VSY, both UV 
irradiated and live influenza virus particles 
induced comparable levels of IFN-c (Fig. 
1A). In addition, recognition of all of these 
ssRNA viruses depended entirely on TLR7 in 
pDCs (Fig. 1B), Thus, robust IFN-c produc- 
tion in pDCs after stimulation with VSV and 
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Fig. 1. 


ferential recognition of ssRNA viruses by pDCs. (A to © WT or 
(B) TLR7mouse bone marrow pDCs (2 x 10°) were sorted by 
fluorescence-activated cell sorting (FACS) and stimulated for 18 hours 
with ((A) and (B)] live or UV-inactivated VSV (MO! = 


SV. but not influenza (7), requires a recog. 
nition event coupled to viral replication. 

We reasoned that if viral replication 
intermediates were being detected in pDCs 
following VSV and SV infection, then fusion 
and entry of viruses must precede recogni 
tion. To examine this possibility, we used a 
VSV mutant with a single amino acid 
deletion (methionine $1) in the matrix (M) 
protein (VSVAMSI) (79). In wild-type (WT) 
VSV, the M_ protein blocks transport of 
mRNA from the nucleus to the cytosol (20), 
thus preventing translation of host genes, 
including IFN-a. We reasoned that if fusion 
and viral protcin synthesis were a prerequisite 
{or viral recognition, the VSV mutant lacking 
4 functional M protein would be expected 10 
result in higher levels of IFN synthesis, 
Indeed, VSVAMSI. induced significantly 
higher levels of IFN-a than did’ WT VSV, at 
the same multiplicity of infection (MOD (Fig. 
1C) in the absence of productive virion 
thesis (fig. SI). These results supported 
the hypothesis that viral repli inter- 

iediates generated after viral fusion and 
delivery of the viral nucleoprotein particles 
to the cytosol provide a major stimulus for 
IFN-a production by pDCs upon VSV 


be recognized by 
TLR7 in the lysosome of pDCs. A well- 
known pathway by which cytosolic materials 
are introduced to the lysosome 
21), To determine whether au- 
tophagy is involved in the transport of 
cytosolic viral replication intermediates to 
the lysosome for TLR7-mediated detection 
of viruses in pDCs, we first examined the 
formation of autophagic vesicles in pDCs 
afier virus stimulation. Historically, auto- 
phagosomes have been detected by electron 
microscopy (EM). However, itis difficult to 
distinguish and quantitate true autophagic 
vacuoles from other structures by morpholo- 

solely based on EM. Therefore, we used 
ransgenic mice expressing the LC3 protein 


wolves 


s 


8 
' 
t 
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2 
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fused with the green fluorescent protein 
(GFP), which allowed us to visualize auto- 
phagosome formation in real time in five 
cells (22), During autophagosome formation, 
LC3 undergoes transition from the cytosolic 
form to a membrane-associated form, which 
is scored as cytoplasmic puncta by Muo- 
rescence microscopy (23). The LC3-GFP 
transgene expression had no effect on the 
biological functions of pDCs (fig, S2). To 
obtain statistically significant quan 
of autophagosomes, we used multispectral 
imaging flow cytometry (MIFC), which al- 
lows characterization of single cells within a 
population by assessing a combination of 
morphology and immunofluorescence pat- 
tems, Autophagosomes in pDCs were q 
tated by enumerating CDI1¢* PDCA- 
displaying cytosolic punctate GFP_ pattem 
(Fig. 2). These analyses revealed that auto- 
phagosome formation occurs constitutively in 
pDCs and that infection with VSV did not 
result in a significant inerease in the pereent- 
age of pDCs containing autophagosomes 
(able $1). 

We next examined the require 
autophagy in innate viral recognitio 
pDCs. To this end, we stimulated bone 
marrow cells with VSV in the presence of 
diflerent doses of pharmacological inhibitors 
3-methyladenine (3-MA) (24) 
(25), Atdoses of 3-MA (1 10 
10 mM) and Wortmannin (10 10 100 nM) that 
are known to specifically inhibit autophagy 
(24, 25), IFN-« production was completely 
abolished in response to VSV (F 
Further, in purified pDCs, lower dk 
these inhibitors still resulted in selective 
ppanial inhibition of responses to VSV, but 
not influenza, without affecting cell survival 
g. $3 and supporting online material text). 
One potential complication in the use of 
Wortmannin is that it can also inhibit endo- 
eytosis (26). To rule out this possibility, we 
examined the extent of infection by VSV, 
which depends on endocytosis, at varying 
doses of 3-MA and Wortmannin, The inhib- 


Sv VSVAMS1 


chicken embryo IDso/mb, or influenza A/PRE (MOI = 5); or (C) VSVAMS1 
‘or VSV (both at MO! = 10). IFN-< levels were detected in culture 
supernatants by enzyme-linked immunosorbent assay. Asterisk, P < 0.05. 
The data are representative of three similar experiments. 
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1400 


itors at the ranges effective in suppressin 
IFN-a production did not affect endocytosis 
or subsequent steps involved in VSV infection 
in pDCS or in non-pDCs, as determined by the 
VSV G-GEP expression (Fig 
indicated that 3-MA and Wortmannin specif 
ally inhibited 
Without affecting v 
and inhibited VSV ree 
To definitively 
autoph 


3). These results 


autophagosome 
I entry and infection, 
ition in pDCs, 

the role of 


demonstrate 
we used a 
ated 
ne essential 


in viral recognition, 
pDCs ise 


genetic approach by examin 
from mice deficient in ATGS, a 
able 


for autophagesome forn 
ATGS" mice are ini 
beyond 1 day of life (27), mature 
pDCs were obiained from letha 


of sury 
ATGS 
ly irmadiated 


WT mice reconstituted with liver and spleen 
cells from the ATGS” neonates. Upon full 
stitution with ATGS™ cells (fig, S4A), 


3S 
g 
Fd 
g 


VSV (MO1=20) 


Fig. 2. Formation of autophagosomes in pDCs. 
PDCA-1*CD1ic* cells obtained from LC3-GFP 
transgenic mice were analyzed for the presence 
of punctate GFP* autophagosomes by MIFC 5 
hours after incubation with VSV at the indicated 
MOls or media control. The upper four cells in 
the media control represent cytosolic GFP* 
cells, whereas the rest of the cells represent 
OCs with GFP puncta. The columns represent 
bright-field (BF) imaging (gray) and POCA-1 
(orange), LC3-GFP (green), DRAQS nuclear 
(Nuc, red), and GFP/nuclear (overlay) stains. 
Scale bars, 10 ym. Each row is a composite of 
different micrographs of the same cells. These 
experiments have been repeated three times 
with similar results 
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all hematopoietic cells lacked 


(lig. S4B). Such 
in survival or 


he ATG gene 
ice had no obvious defects 
erowth reconstituted 
g pDCs 


hematopoictic compartments, includi 
in the spleen, lymph 
(Fig. 4A), indicat 
required for the development of pDCs 


To ex: 


odes, and bor 
ATGS is not 


vivo,  autoph. 


umine the requirement 
agy in innate Viral recognition, pDCs purified 
from the ATGS"™ or ATGS 
infected with VSV. After VSV 
secretion of both IFN-a and interleukin: 
(1L-12) was diminished in the absence of 
ATGS (Fig. 4, B and C). The 


chimeras were 
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Fig. 3. Inhibitors of autophagy block VSV 


recognition. Bone marrow cells were stimulated 
with VSV-G/GFP (MOI = 10) in the presence of the 
indicated doses of inhibitors of autophagy, 
Wortmannin, and 3-MA, and (A) infection (GFP) 
‘and (B) IFN-a secretion were assessed. Neither 
infection of pDCs (upper right quadrant) nor 
infection of non-pDCs (lower right quadrant) was 
affected by these inhibitors at any doses ex- 
amined, whereas IFN-c production was inhibited 
in a dose-dependent manner. The data are rep- 
resentative of three similar experiments. 
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cytokine secretion could not be accounted for 
by the difference in the rate of infection (Fig. 
4D) or survival of pDCs (lig. $6), In contrast, 


HSV-1 or CpG stimulation of ATGS™ pDCs 
resulted in similar secretion of IL-I2 and 
decreased levels of IFN-a (fig, $5), These 


indicated that, although innate rec- 
ngnition of HSV-1 and CpG ren 
in ATGS“~ pDCs, the IFN-a production 
pathway is altered in the absence of ATGS, 
Although the mechanism is unknown, the 
selective defect in IFN-a, but not IL-12, 
the ATGS* pDCs might 
reflect defective sorting of the TLR: down: 
naliny 


intact 


stream si components to the lyso- 
somes, Further, 10 investigate the role of 
stophagy in antiviral responses by pDCs in 
vive, ATGS"" and ATGS~ chimeric mice 


Were infected with VSV. Systemic infection 
with VSV is known to target splenic pDCs 
and induce peak IFN-a production in the 
serum at around 12 hours (/7). Since IL-12 
and other inflammatory cytokines are secreted 
by non-pDCs in response 1 VSV infection, 
we measured serum IFN-a levels, Infection of 
ATGS 

cantly 
with the 
Iectively, 


chimeric mice resulted in. signifi 
reduced IFN-a responses compared 
ATGS 4E), Col 


‘our dats indicated that autophagy 


chimeras (Fig, 
‘occurs constitutively in pDCs and is required 
recognition of VSV, but not HSV-L, in 
fection in pDCs. In addition, 
quired for pDC production of type LIENS in 
Vitro and in vivo, 

Autophagy is 

ie turn 


wv ancient pathway for he 
Jived intracellular 


meost wer of lon 
components and for nutrient acquisition during 
starvation, Recent studies indicated the impor 
tance of autophagosomes as an antimicnobi 
mechanism used to degrade and destroy 
cytosolic pathogens, Certain virus infections, 
such as HSV-1 
phagy (28) for the purposes of vi 


fare known to trigger auto: 
1 degrada. 


tion (29), whereas poliovirus and rhinovirus 


usurp autophagosomal machinery for viral syn: 
thesis (30), Our study reveals the importance 
of autophagy in innate recognition of viral 
pathogens and IFN-a production in pDCs. The 
findings of this report highlight the differenti: 
requirement for recognition of diverse classes 

viruses in pDCs. A broad spectrum of vi 
from the 


ruses and their infection cycles, 
nnueleie acids in the 
endosomes to the replication of viral genomes, 
in the cytosol, are detected by pDCs. Finally, 
immunological interventions designed to com: 
bat cen viral infections: might 
benefit from incorporati 
autophagy for both viral degradation and 
ition, 


Virion-associated genom 


in_chronic 


sents to promote 


innate rece 
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Structural Insight into the 
Transglycosylation Step of Bacterial 
Cell-Wall Biosynthesis 


‘Andrew L. Lovering, Liza H. de Castro, Daniel Lim, Natalie C. }. Strynadka* 


1402 


Peptidoglycan glycosyltransferases (GTS) catalyze the polymerization step of cell-wall biosynthesis, are 
membrane-bound, and are highly conserved across all bacteria. Long considered the “holy grail” of 
antibiotic research, they represent an essential and easly accessible drug target for antibiotk-resistant 
bacteria, including methicilin-resistant Staphylococcus aureus. We have determined the 2.8 angstrom 
structure of a bifunctional cll-wall cross-linking enzyme, including its transpeptidase and GT domains, 
both untiganded and complexed with the substrate analog moenomycin. The peptidoglycan GTs adopt a 
fold distinct from those of other GT classes. The structures give insight into critical features of the 
‘atalytic mechanism and key interactions required for enzyme inhibition. 


he bucterial cell wall is built by glycosyl 
| transferase (GT) and transpeptidase (TP) 
zymes, which together produce a eross- 

linked peptidoglycan mesh that gives the bacterin 
ity strength and shape, These enzymesare excelent 
drug tats because they are essential, are ac 
ccessible from the periplasm, and have no equiva- 
Jet in mammatian cells. TP enzymes [also known 
as penicilin-binding peotcins (PPS) ae the targst 
‘ofthe Belictam group of antibacterials, to which 3 
disturbingly high degree of resistance has devel 
‘oped over the past two dewades of clinical use. The 
peptidoglycan GT protein family, GTsy (www 
‘eazy.ony), has no structural representatives to date 
and is an attrictive candidate for the structure- 
bras! drug design of new antiboeteral eompexunds, 
Gg and TP enzymes may be present as 
monofunctional or bifunctional proteins (7), with 
the more prevalent bifunctional enzymes possess 
ing an Naerninal GTsy domain and a C-terminal 
TP domain, separated by a small inker region 
The Gs) domains are always membrane-bound, 
and they polymerize a lipid Il pentapeptide 
substrate into fs. s-linked Naacetytmuramic acid, 
Naacetylulucostmine polymers [(NAM-NAG)| 
The TP domains are solvent-exposeal and eat 
lyze the crosslinking of the peptide substituents 
‘on the 3 acetyl groups of NAM. Inhibitors ofthe 
GT. reaction may be less subject to the devel 
‘opment of resistance than TP inhibitors, which 
ccan be rendered ineflective by alteration of the 
Peptide substituents—notably in vancomycin= 
resistant strains (2, 3). There is only one well- 
characterized inhibitor of the GTsy reaction, the 
Streptomyces natural product: moenomye 
\which is no effective in humans because of poor 
absomption properties (4). Despite its extensive 
as a growth promoter in animal feed, no 
plasmid-bome resistance to moenomycin has 
been detected so far (5). Understanding of the 
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specific moenomyein:GTsy interactions would 
bbe useful in designing a similar compound 10 
treat human bacterial infections. Here, We report 
two erystal structures of a soluble truncated 
version of PBP2 (the only bifunctional enzyn 
identified in the pathogen Staph fococeus aureus), 
aan apoenzyme structure (2.9 A resolution), and 
a complex of the enzyme with the antibiotic 
oenomycin (2.8 A), The growth of both crystal 
forms required the detergent laury Mimethylamine- 
‘oxide (6). Both structures have favorable stereo 
chemistry (table SI}, With Ryaa/Rege Values of 
19.124.6% for the apoenizyme annd 23.128 00% 
for the moenomycin-bound form. 

The PBP2 structure reveals a biloba fold 
(dimensions 35 by 60 by 110 A), with the GTs 
and TP domains separated by a short perich 
linker region (Fig. 1). The construct used (amino 
acids $9 10 716) omitted the Neterminal trans- 
membrane sequence and some of the low- 
complexity C-terminal til, Eketron density is 
Visible for residues 67 to 692, except for a few 
short loops in the GTs, domain (127 to 139 and 
160 t0 163 in the apoenzyme and 137 to 144 in 


Fig. 1. Ovesal stucture 
of PBP2, The modular 
nature of the Grsy_ and 
TP folds is shown, with 
the predicted position 
‘of the transmembrane 


for the GTsx_ (lower, 
EI7L: upper, E114) and 
TP (5398) functionalities 
have their Ca atoms 
shown as red spheres. 
The Glsa domain is pro 
posed to be at least 
partly submerged in the 
bilayer in order to access 
the lipid W substrate, 
which % consistent with 


the moenomycin complex). The TP domain 
structure has high structural homology to Sirep- 
sococeus pneumoniae PBPIa (7) [29% sequence 
identity for the 293-10-679 region, with a root 
‘mean square deviation (RMSD) of 2.0. A for 
Cal. Either, but not both, of the GTsy/TP 
cstulytic domains are superimpossble When com 
paring the two crystal forms, indicating that 
there is some flexibility around the linker region, 

‘The GTs, domain has two putative catalytic 
selutamic acid residues [E114 and E171 (8)}, and 
their importance has been demonstrated in 
mutational studies on the Escherichia coli 
PBPIb enzyme (9), The overall fold of the lipid 
I-dependent GTsy domain shows no similarity 
to cither of the GT-A or GTB folds that have 
been observed in all preceding GT enzyme 
class structures. The structure is primarily 
échelical and is composed of two segments: 
‘one globular “head” region situated next 40 the 
linker domain and a smaller “jaw” region be- 
neath this, eloser to the membrane (Fig. 1), The 
lobular segment has seven a helices and a 
‘small (5 region, and it has low structural simi- 
larity to bacteriophage 2 lysozyme (AL) [DAL 
ives a Z scone of 3.5, 12% sequence 

for the 9840-266 region, with an 
RMSD of 4.2 A for Ca}. Given that the wo 
rizymes act on similar substrates, itis possible 
that the GT's, module was acquired by the bac= 
teriophage at @ point Jong ago in its evolution 
Despite low sequence identity, there is. goo! 
overlap of the secondary structure between the 
two enzymes, and the first putative ghitamate 
catalytic residue of the GT domain overlays that 
of AL (ELA with E19, respectively: Fig, 2A), 
The helical topology is preserved between the 
Iysazyme and G'Tsy folds, with the soluble perich 
domain 1 of AL replaced by the membrane- 
associated GT jaw subdomain (residues 121 10 
182), The jaw is composed of three « helices 
With the outermest helix containing the second 
putative catalytic residue, E171. A pocket formed 


Linker Glycosyltransferase 


‘observations that catalytic activity and crystallization were dependent on the presence of detergents. 
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by residues close to the linker region shows se- 
‘quence conservation in other GTsy enzymes and 
may be important for contacting the end of the 
transmembrane segment. A cleft between the 
‘#lobular and jaw subdomains connects this pock- 
‘et with a larger pocket on the opposite side of the 
molecule. The cleft superimposes with the sub- 
strate binding site in AL and related lysozyme 
folds ( 

‘The active site of the TP domain contains 
the characteristic SXXK, (S/YIN(NIC), and 


(KH)CTISIG motifs (1), The TP catalytic $398, 
residue lies ~70 A fiom the putative catalytic 
residue E114 of the GTsy domain, The GTs1 
fold possesses five signature motifs, conserved 
in both the monofunctional and bifunctional 
GTgy enzymes () (ig. SI), Motif I and Ill con- 
tain the GT catalytic ghutamie acids (E114 and 
E171, spectively), with their C8 atoms ~14 A 
apart in the apoenzyme. OF the five signature 
motifs, motif IV and V appear to largcly play a 

ntaining the structure of the GTsy 


Fig. 2. Gre, domain comparison with lysozyme and conformational change between the apoenzyme 
‘and liganded forms. (A) Structure-based alignment of the GT, domain (blue) with that of iL (green). 
Helices H1 and H3 of AL have counterparts in all related G-, C-, and V-type lysazyme folds (20). The 
putative E114 catalytic residue of the GTsx domain aligns well with that of AL (both in stick 
Tepresentation) at the end of ZL helix H1. (Inset) Orthogonal view with loops omitted. The lysozyme 
structure from deposition 1D9U (15) is shown, with the poly-NAG ligand in stick form. The figure 
highlights both the striking similarity in secondary structure (localized only to the GTs, head 
Subdomain) and the conservation of an active-site cleft between the two enzyme types. The regions 
below the cleft have no structural similarity and are presumably different because of the need for the 


Gs, domain to be localized at the membrane and to bind a li 


substrate, (B) Conformational 


‘change in the jaw subdomain upon binding moenomycin (represented in stick form). The moenomycin- 


bound form is blue, and the apoenzyme is yellow. 


Fig. 3. Detail of moenomycin binding. 
(A) Interactions of moenomycin with the 
donor substrate site of GTsa, with 
selected side chains shown. The phos- 
phoric acid diester group is positioned in 
2 region of high positive charge, and the 
sugar rings form an extended plane in 


the active-site cleft. Ring D projects out into solution, and ring A is located closest to the 
linker region. (B) Chemical structure of moenomycin. For clarity, an R1 group is used in place 
of the Cos moeniocinol lipid unit. (C) Electron density of the moenomycin molecule. The map 
is of a 2fo-fc format, contoured at 1c, from the final model at 2.8 A resolution. For reference, 
the putative catalytic residues E114 and E171 are shown in stick form. 
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fold, whereas motif It forms the innermost helix 
of the jaw subdomain that divides the two pock- 
ds and is probably involved in substrate recog- 
nition. Constraints imposed by the location of 
‘Netcrminal residues 68 10 73, the hydrophobic- 
ity of the lower part of the jaw subxlomain, andl 
the hydrophilic nature of the TP domain ead 10 
a model for membrane orientation (Fig. 1) 

‘The moenomycin-bound structure (Fig. 3) 
‘was obtained by cocrystallization. The electron 
density of this complex inhibitor is well defined 
forall groups other than the Cos lipid unit (Fi 
}. Mocnomycin binds in the cleft betweer 
sad and jaw regions of the GTsy fold, in an 
extended conformation that probably. mimics 
that of the growing sugar-chain substrate or 
product. Rings B to F (Fig. 3B), modeled in a 
chair conformation, form a twisted plane, with 
ring F nearest the putative E114 catalytic tes 
idue, ring B located toward the linker region, 
and ring D projecting out into the bulk solvent 
Consistent with this model, moentomycin deriv= 
atives lacking ring D retain antibiotic activity 
(2D, Ring A exits the channel on the side fi 
thest fiom the membrane and may be positioned 
similarly to a peptide substituent from a NAM 
substrate. The phosphoric acid diester group of 
moenomycin is under the plane of rings B 10 F, 
in an orientation that potentially directs the lipid 
group toward the membrane, The interactions 
between the protein and inhibitor are extensive 
(Fig. 3A), consistent with moenomycin and 
related compounds possessing some of the 
Jowest median inhibitory concentration values 
‘known for antibiotics (/2). The head subdomain 
is largely idemtical between the apoenzyme and 
moenomycin-bound GT) structures, whereas 
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large conformational changes oocur in the jaw 
subdomain (Fig. 2B). The strictly conserved 
DIS, HI21, K184, and 1187 residues and the 
langely conserved A123, 7150, and E179 residues 
are located in the hinge region between the two 
subdomains and may be important in the ability 
Of the GT} domain to undergo such a confor 
rational change, Based on chemical similarity, it 
has been proposed that rings C and E of 
moenomyein would bind in the same way as 
a NAM-NAG disaccharide of the substrate. In 
the complex of GTs with moenomycin, the ring 
‘oxygens and N-acetyl groups of rings C and E 
and all three B14 linkages are spaced im aysee- 
ment with a linear glyean chain, Amanging the 
BI, linkages of the growing chain substrate to 
mimi those of the inhibitor places the reducing 
4-011 end of the chain furthest from the cata- 
Iytic machinery, identical to that of the bysozyme 
family of enzymes, 


cept 


mys 


imposes with ring F. 


Fig. 4. Proposed mecha- 
nism for lipid polymeri- 
zation, To. simplify these 
diagrams, the peptide sub 
stituents on tipi It have been 
‘omitted. (A) Schematic for 
lipid 1 polymerization, For 
clarity, RL and R2_groups ~ 
‘are used in place of the OAc tw? 


C) 


and NHAc groups, re- 2 


spectively. For comparative 
purposes, the respective yso- 
zyme sugar subsites are 

labeled in parentheses (the “ > 
traditional nomenclature 
using subsites a tof has been 
‘avoided to prevent confusion 
with the moenomycin ring 
labeling). In this model, 
lipid Is the acceptor (right 
side), and the growing gly- 
‘ean chain is the donor (eft 
side), Residue E114 acts to 
deprotonate the acceptor 
4-0H group, which con- 
comitantly attacks C1 of 
the donor, in an Sy2-tke 
reaction that inverts the 
cectinked precursors into a 
14linked product. Residue 
E171 may assist this process 
by direct protonation of the 
Phosphate-sugar bond or by 
stabilizing the pyrophosphate 
‘group through interaction with a divalent cation. (B) Spatial representation ofthe 
lipid polymerization model. The membrane interface (horizontal blackline), 
transmembrane region (vertical blue rectangle), and missing polypeptide (dotted 
blue line) are shown for effect. The protein structure & unmodified from the 
‘moenomycin-bound complex, with the growing glycan-chain donor (left side) 
modeled over moenomycin rings E and F and the lipid I acceptor (right side) 
fitted manually between the glycan-chain donor and the E114 catalytic residue 
(shown with E171 in stick form). After polymerization, the product would be 
translocated in the direction denoted by the yew artow. Any sugar chain larger 
than four sugar units (discounting the incoming two sugar units of the acceptor) 
‘would project out from the GTsx domain, and there are no steric barriers in our 


The differences between the moenomycin 
ring Fiphosphoric acid diester'Cas moieties and 
the substrate NAM pyrophosphateCss moieties 
must be responsible for GT. inhi 
moenomycin. To investigate this hypothesis, we 
modeled a productive complex of both the fipid Il 
and growing chain substrates on the moenomycin 
‘bound structure. Whether lipid Il is the donor 
‘or acceptor in the polymerization reaction has 
‘been extensively debated (3). From constraints 
imposed by the structures of the apocnzyme- 
and moenomycin-bound forms, we can now 
almost definitely conclude that lipid Il isthe ac- 
and the growing chain is the donor, with 
Support from numerous experimental sources 
{summarized by Welz! (/5)}, Modeling the 
growing chain (donor) substrat 
in structure, a NAG group is placed over 
ring E, and the adjoining NAM sugar super- 


Pow ceo 
Seaenes 

(donor) 
growing chain lipid It 


model also situates the NAM peptide substituents 
59 that no steric clashes occur with the active-site 
defi. Replacing the 14 linkage between a 
NAM-NAG disaccharide with a 1,2 linkage 
between rings E and F in moenomycin results 
cach ring F substituent of mocnomycin come 
ing with the C.» substituent of NAM (eg. the C3 
OCONHs group of ring F with the CS CHOH 
group of NAM), Because of this staggering, the 
CI phosphoryl groups of both the inhibitor and 
the substrate point in similar (axial) orientations, 
and the C4 OH of moenomycin is roughly equiv- 
alent to the modeled ring oxygen of NAM [as 
sugested earlier in (/4)), This positions the axial 
methyl on C4 of the inhibitor above the plane of 
NAM, over the ring oxygen. The methyl group 
lies between the donor C1 site of nucleophilic 
attack and the region occupied by E14 and the 
incoming 4-OH end of the acceptor, In. our 
structures, there is ample space to model the lipid 


on by 


onto the moe 


The mocnomycin-based 


oD B 


(92) 


End 


(acceptor) 


structure to prevent this from occurring, The stronger positive charge on the left 
side of the active site, relative to that on the right sie [see (Ol, may assist in 
‘movement of the retained acceptor lipid-pyrophasphate group into the donor 
postion. (C) Detail of active-site pockets and cleft, Residues E114 and E171 are 
shown in space-filing form. The electrostatic potentials (red, negative; blue, 
postive) indicate a conserved region of postive charge across the middle of the 
‘pocket. This region binds the phosphoric acid diester group of moenomycin in our 
structure and is located ina postion to bind both pyrophosphates in our substrate 
‘model. (D) Detaiis of the hydrophobic platform of the Ggy fold. The view és 
‘approximately 90° from (O, with residues shown in stick form. Green, 
hydrophobic platform; gray, E114 and E171. 
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Tl acceptor adjacent 10 the proposed donor site, 
\ith the 4-OH end available for interaction with 
oth E114 and C1 of the donor suzst. This 
position of lipid I is comparable to that of 
subsites 1 and +2 of the substrate in AL (5), 
With the preteaction GT) substrates similar to 
the postreaction lysozyme products 

We propose that EL14 is a Bronsted base 
and acts to directly abstract a proton from the 
4-O11 group of the lipid Il acceptor. The de- 
protonated form of Et14 may be stabilized by 
the adjacent R249 residue, strictly conserved as 
part of motif V. The proton abstraction step prob- 
ably occurs concomitantly with the electrophilic 
migration of the donor C1 toward the acceptor 
4-OH group (Fig. 4, A and B). In the moenomy- 
cin complex, the conserved E171 residue lies 
closer to the glyceric acid moiety than the 
phosphate-sugar linkage (he phosphate in 
‘our substrate model), which in combination with 
pH activity profiles of the E.coli PBP Ib enzyme 
(76) casts some doubt on whether E171 proton- 
ates the sugar-phosphate linkage to assist catale 
ysis, Furthermore, mutants of this residue in 
E. coli PBPIb retin some residual activity 
whereas those of our predicted Bronsted base 
4, do not (9), ITE171 does not act to proton- 
ate the substrate, then we propose that it helps to 
‘coordinate the pyrophosphate group of the donor, 
cither directly or via a divalent metal cation, The 
Variable pHt optima and divalent cation require 
ments of the GTsy family of es 7-19) 
may result from varying local environments of 
the E171 residue, The Sy2-like reaction occurs 
between donor and acceptor, causing inversion at 
the donor C1 anomeric carbon and formation of 


the BI 4-linked product. The lipid-pyrophosphate 
leaving group of the donor is then free to diffuse 
away and be recycled in lipid Il synthesis. W 
propose that translocation of the newly formed 
product to the donor site is assisted by a higher 
affinity for the pyrophosphate moiety in the 
donor site than in the acceptor site, with the con- 
served positively charged KISS, K163, R167, 
and KI68 residues located near the donor 
ymphosphate region of the active site (Fig. 4C). 
This mode! is again reminiscent of the lysozyme 
active site, where the *1 and +2 subsites th 
match the modeled GiTsy acceptor sugars possess 
the lowest substrate affinity of all the subsites. 
These two structures now provide a basis for 
addressing further questions about the mecha- 
nism of this important family of enzymes and for 
the design of new antibacterials. This work also 
‘opens the door for understanding structure and 
function relationships in other clinically impor- 
tant families of fipid-sigar GT, 
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Dynamics of Replication-Independent 
Histone Turnover in Budding Yeast 


Michael F. Dion, 
Nir Friedman,” Oliver J. Rando'tt 


"+ Tommy Kaplan,’* Minkyu Kim,* Stephen Buratowski,* 


Chromatin plays roles in processes governed by different time scales. To assay the dynamic 


behavior of chroma 


in living cells, we used genomic tiling arrays to measure histone H3 turnover 


in G1-arrested Saccharomyces cerevisiae at single-nucleosome resolution over 4% of the 
‘genome, and at lower (~265 base pair) resolution over the entire genome. We find that 
‘nucleosomes at promoters are replaced more rapidly than at coding regions and that replacement 
rates over coding regions correlate with polymerase density. In addition, rapid histone turnover is 
found at known chromatin boundary elements. These results suggest that rapid histone turnover 
serves to functionally separate chromatin domains and prevent spread of histone states. 


haracterizing the dynamic behavior of 
( y to understanding the 
diversity of biological roles of chromatin 

Nucleosomes are evicted at many yeast pro- 
moters during gene activation (/-4) and are 
reassembled in trans upon repression (5). In 
Drosophila, active transcription leads to replace 

ment of histone H3 by the variant isoform H3.3 
(6, 7). whereas in budding yeast (whose only H3 


is an 113.3 homolog), passage of RNA polymer- 
ase Il (Pol If) results in eviction of nucleosomes 
from some (3), but not all (9), coding regions. In 
contrast, studies in Pinsarum polycephalum sug- 
yest that H3 is not replaced during Pol Il 
‘ranscription (/0). Furthermore. recent results in 
‘yeast suggest that F14 deposition is independent 
‘of transcription status (/1}. The disagreement 
between these studies leads us to map the locus- 


specific tumover rate of histone 113 at genomic 
seale 49 as to address two questions Fist, is there 
evidence for general transcription-dependent 113 
tumover? Second, are there adkitional mechi- 
nisms for histone 

To measure tumover rates, we used yeast 
carrying constitutively expressed Myc-tagged 
histone 13, as well as an inducible Flag-tageed 
1B (5) (lig. SU). Flag-t13 was induced in Gi- 
amested cells for varying amounts of time, 
chromatin was cross-linked and digested. to 
mononucleosomes (2) and Myc and. Flay- 
tagged histones Were immunoprecipitated sepa 
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Fig. 1. Time courses of 
histone turnover in yeast. 

(A) #3 turnover for 23 
adjacent nucleosomes in 
Gr-arrested yeast cul- 
tures, Flag and Myc were 
immunoprecipitated at 
various time points after 
Flag-H3 induction (x 
axis), and FlagMye ratios 
(y axis) were measured 
by microarray. (B) A com- 
putational model reduces 
time course data to a 
single tumover parame- 
ter A (requency of his- 

tone turnover events, in 
units. of min“, repre- 
sented as the leftmost 
Fed-to-green color bar 
‘Measured time-course 


data and data simulated using 2. values are represented as blue-yellow heat 


‘oo 


oor 


0 3% 6 % 12 150 


time (minutes) 


° 


Number of nucteosomes, 


oS SEBR ERE 


001s 


‘dynamics during G1 arrest. (C) Distribution of tumover rates for nucleosomes in 


‘maps (right. The minor differences (Residual) between measured and simulated Gl-arrested yeast. Binned turmover rates are color coded as in (B) (D) Sample 
data demonstrate that our model captures the majority of histone turmover genomic stretch, with nucleosomes (A) color coded by turnover rate 


Fig. 2. Relation between histone 
modifications and H3 turnover, 
nucleosomes (columns) versus anno- 
tations (rows), Nucleosomes are 
ordered by tumover rate (ed-to- 
green), Modification and Htz1 levels 
(12, 18) are shown in yellow-to-blue 
heat maps, where yellow represents 
enrichment. The bottom panel shows 
genomic locations (22): 5’ and 3 TSS 
fefer to nucleosomes. surrounding 


probes. Protein-coding sequences 
‘are separated into 5', middle, and 
3, Other annotations describe au 
tonomously replicating sequences 
(ARSS), IRNA genes, and Null (any 
other intergenic region). 


hybridized to 
microarray covering 
yielding FlagMye ratios 3 
cach nucleosome on our array (Fig 
xd the tumover 


rameters (14, 15) (Fig, 1B). 
To test the validity 
the experiment in 
observing well-correls 
tumover rat 


‘comment 
(16, 17) tig. S4) and obtained 3 h 
between mates from the two dist 


platiomns (fig. SS). We also measured whole 


genome histone occupancy (. 


1406 


ly. Amplified DNAS were competitively 
20-base pair (bp) resolution 
4 of the genome (13), 
cach time point for pected of H3 replacemes 
TA) Wethen and demonstm 
te (number of H3 titative tumover 


Four rests, we 
ichronized yeast (tig 
od but consistently faster 
as expected given global 13 
deposition during genomic replication (Fig. 2 et, over a wide 
and fig. $3). We analyzed tumover rates in Gi- 
anmested cells across the entire yeast genome usin 
jcroarrays with ~26S-bp resolution 


AE 


ber of rates of the hottest nuckeoscr 
mutate Flag-I13. be 


les span one to two orders of 


time granularity of our experiment ( 


These sults are consistent with those ex 
froma free pool of HB 
¢ that we can recover semiqua 


cs from time-course expe 
iments. The time required for production of Fla 
simple analytical model that (30 10 45 min) imits our ability t 
ntal data with small 


cs. which aocu: 
protein can be 
peated detected by Westem blot. We therefore caution 
imepretaion of tumover ra 
because parameter choices (eg, Flag-H degra 
dation rate) affet abwolute tumover rates; howe 


meters, the ratio 
between estimated rates is robust. The resulting 


‘on measurement platforn) between 
cold” nucleasomes that rarely tum over and hot 
‘ones whose replacement rate is faster than the 


We compared high-resolution tumover rates to 
sured atures of these nucleo 
somes (12, 17, 18) (Fig, 2 and fig. $7), Nucleo- 
somes over protcin-coxing regions were coldest, 


wheres 


generally 
hot. Comespondingly, hot nucteasomes were de- 
pleted of the histone modifications that are 
‘srwotypically”” depleted surounding the tran- 
scription star site (TSS) (2) and were conversely 
‘enriched forthe histone HA variant tz1 (16, 18), 

These results are notable for two reasons, 


sent_nucleosomes with an appropriately 
modified nuckeoplasmie pool could be partially 
responsible for promoter pattems of histone 
nwxlification. Second, erasure of histone moxt 
ifications due to rapid tumover would result in a 
steady-state picture of stereotyped promoter 
chromatin that docs not capture transient 
potentially hiding any number of info 
histone modification events. 
Analysis of median repla 


ment rates 
various genomic loci confirmed that the most 
rapid tumover occurs over promoters, (RNA, and 
ssnall nucleolar RNA genes (Fig. 3, A and B, and 
fig. S8). Mast unexpected, given the dynamic 
18.3 replacement over Drosophila genes (7, 19), 


was the slow H3 tumover over protein-coding 
nes. Indeed, the coldest probes, mid-coding 
region probes, cover 28% of the genome yet 
account for only 10% of tumover, Despite the 
slower H3 tumover in coding regions, relative 
\ariation of turnover rates among coding regions 
might correlate with polymerase activity. For 
«example, histone turnover over the alpha factor 
tor 
:urested clls than in unsynchroniaed cells Fig. 3C 
and fig. $9), We therefore measured Pol Il en- 
‘ichment across the entire yeast genome, 
that polymerase enrichment over 
ited good comelation (77 = 0.54, P< 6 
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Fig. 3. Slow histone replacement over protein- 
coding genes. (A) Median turnover rates for genomic 
annotations (from whole-genome data). (B) Probe- 
level distributions of transcribed regions compared 
with the entire data set. X axis Cogarithmic scale) 
shows turnover rate. ¥ axis shows fraction of probes 
within each rate bin, (© FUSI coding region and 
associated nucleosomes, color coded according to 
turmover rates from high-resolution microarray 
‘experiments on unsynchronized yeast cultures (top, 
‘and GL-arrested cultures (bottom). (D) Seater plot of 
‘coding region histone turmover (whole-genome data) 
‘versus logy of Pol Il enrichment, 


BiGGe:? 


aot 


Fig. 4. Rapid turnover at promoters is associated with multiple partially overlapping features. (A) 
Hot promoters were tested for significantly enriched (p < 10™”) annotations. Cluster diagram shows 
hot promoters as rows, annotations (table $6 and fig. $11) as columns. Black bars indicate positive 
annotations for a given promoter. (B to D) Overlap between hot promoters and pairs of enriched 
annotations. P value shows significance of overlap between pairs of annotations, given the extent 
of their overlap with hot promoters (hypergeometric distribution). SAGA-dominated genes are 
‘enriched for TATA-containing promoters (B) and are moderately correlated with Cse1-bound genes 
(O, whereas promoters with Rapl sites are not enriched upstream of genes exhibiting high Pol I 
levels in our experiment (0). 


— Allprobes 
— Mi-cos 
—IRNA 

— snoRNA 


a+saa0trrae 
Pol Il enrichment (mid-CDS) 


\with histone replacement rates (Fig, 3D), This is 
consistent with RNA polymerase passage evi 
ing nucleosomes in some cases, although many 
highly transeribed genes (RPL.37B, for example) 
exhibit low tumover rates. 

Although polymenise passage and the resul 
ing histone eviction represent a plausible fist 
step fr coding region histone tumov er, they’ are 
unlikely to account for the bulk of histone 
replacement (Fig. 3A). Promoters of hot coding 
regions tend to be hot, but the converse is not 
true: Most hot promoters were adjacent to cok! 
coding regions (eg, Fit, 1D), Morcover, re 
placement rates at promoters were, unlike those 
at coding regions, poorly correlated with poly- 
merase abundance, either at the promoter or over 
the coding region (fiz. S10), making it unlikely 
that promoter turmover is solely a result of poly- 
merase activity 

‘To systematically characterize promoter his- 
tone tumover, We tested the hottest subset of 
promoters for enrichment of published expe 
‘mental and computational annotations (table S6), 
‘The hottest promoters include those carrying 
binding sites fora subset of transcription factors 
uch as Rapl, Rebl, Gend, and Adrl), those 
‘upstream of genes regulated by chromatin- 
modulating complexes (e.g., Ssn6/Tupl, Medi 
tor, SAGA, Swi/Snf, and Sir), and those 
‘upstream of genes associated with nuclear pore 
components (eg.. Csel. Mip!, Nupll6, and 
Nup2). Clistering hot promoters based on en- 
riched annotations yielded independent clusters 
(Fig. 44 and fig. S11), such as a group of hot 
promoters associated with nuclear pore compo- 
nents (20). These separate clusters suggest that 
the many enrichments identified potentially 
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reflect mukiple, partially overlapping mecha- 
nisms for rapid promoter tumover (Fiz. 4, B to 
D), Some enrichments suzgest clear hypotheses 
about the mechanism for rapid tumover (ct. 
rapid histone replacement at Swi'snt-regulated 
promoters may well bea consequence of Swi'snf 
action), whereas other enrichments are less 
illuminating (c.g, what causes rapid replacement 
at nuclear pores?) 

Many features of hot nucleosomes (includ- 
ing Htz1, RNA genes, nuclear pore association, 
and Rapl and Reb! sites) are associated with 
boundaries that block heterochromatin spreading 
in yeast (21-24), How do boundaries block 
lateral spreading (25) of chromatin states? 
Suygested mechanisms include fone gaps be- 
thween nuekeosomes, oF recruited acetylases that 
compete with spreading deacetylation (26, 27). 
The rapid H3 replacement at boundary associated 
rogions suggests an alternative hypothesis: that 
‘constant rephicement of nucleosomes serves to 
cerise a laterally spreading chromatin domain 
betore it spreads any futher (lig. $12). To 
investigate the role of Htzl (whose role in 
boundary function is poorly undertow) in his= 
tone replacement, we measured Flag-H13 incor 
poration in /v2/ mutants, finding globally 
slowed 3 incoporation but few locus-specitic 
effects (/), Further experiments will be quired 
to untangle this relationship and to evaluate the 
role of rapid turnover at chromatin boundaries 

We have measured H3 replacement rates 
thoughout the yeast geniome, finding that mu 
cleosomes over coding regions are replaced at 
high transcription rates, although most tumover 
‘occurs over promoters and small RNA genes, 
What function is served by histone replacement 
at promoters? Rapid tumover could transiently 
‘expose occluded transcription factor binding sites 


Orit could ensure. by erasure of promoter chro- 
matin marks, that transcriptional reinitiation 
‘oceurs only in the continuing presence of an 
activating stimulus. Whatever the fimection, one 
important implication is that steady-state local- 
ization studies of histone marks could be con- 
founded by dilution with histones carying the 
average modification levels of the free histone 
‘pool, making dynamic or genetic studies key to 
deciphering any instructive roles of histone 
marks in transcriptional control. Finally, rapid 
tumover oceurs at chromatin boundaries [see also 
(28), We propose that erasure of histone marks 
(or associated proteins) by rapid tumover delim- 
its the spread of chromatin statex We further 
speculate that the widespread histone turnover at 
‘promoters throughout the compact yeast genome 
ccouk! serve, in a sense, to “expand” the genome 
bby preventing chromatin states of adjacent genes 
from affecting cach other, 
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Histone Replacement Marks the 
Boundaries of cis-Regulatory Domains 


Yoshiko Mito,™? Jorja G. Henikoff,* Steven Henikoff*?* 


Cellular memory is maintained at homeotic genes by cis-regulatory elements whose mechanism of 


action is 


unknown. We have examined chromatin at Drosophila homeotic gene clusters by measuring, 


at high resolution, levels of histone replacement and nucleosome occupancy. Homeotic gene clusters 
display conspicuous peaks of histone replacement at boundaries of cis regulatory domains 
‘superimposed over broad regions of low replacement. Peaks of histone replacement closely correspond 
to nuclease-hypersensitive site, binding sites for Polycomb and trithorax group proteins, and sites of 
nucleosome depletion, Our results suggest the existence of a continuous process that disrupts 
rhucleosomes and maintains accessibility of cis-regulatory elements. 


hromatin can be differentiated by the 
( replication-independent replacement of 

fone histone variant with another (7). For 
‘example, histone 13.3 is deposited throughout 
the eell eycke, replacing H3 that és deposited 
during replication (2-4). Unlike replication- 
coupled assembly of HB, which occurs in gaps 


between old nucleosomes on daughter helices, 
the insertion of 113.3 is preceded by disruption 
of preexisting histones during transcription and 
‘other active processes (3. 5). We have previous 
ly shown that H3.3 replacement profiles resemble 
those for RNA polymerase Il (2), which sugaests 
that gradual replacement of H3.3 occurs in the 


‘wake of transiting polymerase to repair disrupted 
chromatin (/), Here, we ask whether histone 
placement and nucleosome occupancy are also 
distinctive at cis-egulatory elements, 

Log-phase Drosophila melanogaster S2 cells 
‘were induced to produce biotin-tagged 113.3 for 
two or thive cell cycles (2). DNA was extracted 
from streptavidin pull-down assay and. input 
material, labeled with Cy3 and Cy$ dyes, and 
cohybridized to microarrays. To provide a stan= 
dnd, We profiled biotin-tagued 113-containing 
chromatin in parallel. Analysis of H3../113 levels 
‘over the entite 3R chromosome arm revested that 
the ~350-kb bithorax complex (BX-C) region 
displays the lowest 133/113 ratio of any region 
of comparable size on 3R, and the Antennapedia 
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homeotic gene complex (ANTP-C) also displays 
sn, unusually low H3.3/H3 ratio (Fig, 1A). Low 
1B 31 ratios atthe homeotic gene clusters a 
attributable to infrequent histone replacement, 
and not to low nucleosome occupancy, because 
13 levelsat the BX-Care far below the median 
(og = 0) for all of 3R, whereas 13 levels are 
slightly above the median overall (Fig, 1B), Even 
the heterochromatic chromosome 4 (4) includes 
only shorter (~100-Kb) stretches that are as de- 
pleted in H3.3 as the BX-C 

A close-up view of the BX-C jab region 
reveals the presence of several prominent 113.3 
peaks (Fig. 2A), Notably, the seven highest 
[peaks correspond to the functional boundaries of 
the seven proximalto-distal cis-regulatory do- 
mains that regulate the allt (iab2 Wo dab4) and 
Abd-B (iahS Wo ab) homeotic zenes successive 
Jy fom anterior to posterior in the abxlomen (7) 
‘Conspicuous peaks of 13.3 also comespond to the 
‘rad Polycom response cement (PRE) and 10 
‘promoters within the Alxl-B gene, which is known 
tobe active in S2 cells (8, 9). Therefore, each of 
the most prominent 113.3 peaks in the region cs 
responds 10 a previously defined cissegulatory 
clement. Our findings are likely to be general, be- 
RTE Hae Sain bln et pete ns 


wu 
fa tee to sie omen Bane ae aly sites of intense histone replacement (10), 


Fig. 1. The BX-C is extensively depleted in H3.3. (A) H3.3/13 log-ratio profile of chromosome arm characteristic feature of both boundaries 
3R, Orientation is proximal (0 on base-pair scale) to distal (28 Mb). The location of the two x! PRES in the BX-C is that they span deon; 
homeotic gene clusters are indicated with horizontal bars. (B) H3.3 (red) and H3 (blue) profiles for ribonuclease | (DNasel) hypersensitive sites 
the BX-C and flanking regions. (C) Same as (B) for chromosome 4. The locations of annotated a variety of cell types, including S2 eells (U7) 
transposons (brown boxes) and genes (black boxes) are shown beneath each panel, oriented S'-to- To better delincate histone replacement patterns 
3' above the line and 3'-to-5' below. Profiles are displayed as moving averages, with a 1-kb (A) or ain the vicinity of hypersensitive sites, we tied 
2.5-kb (B and C) window, in 100-bp intervals. the entire BX-C at 20-bp resolution (fig, SI). 


Fig. 2. Conspicuous histone replacement at cis- 
regulatory domain boundaries and DNasel- a f. & ” oe 
hypersensitive sites within the BX-C. (A) Map and ° 

histone profiles for the abdominal and flanking tte eo 

regions of the BX-C, including four well mapped = my rf ay 
PRE-boundaries (magenta boxes (11, 13, 25)). The 

scale at top indicates genomic location on 3R, with "i me bles tre tile i af 

genes and PRE-boundaries indicated on the line 4 cy 

below. The five Abd-B promoters are marked with 73.3) 
horizonal arows. H3.3 (red) and H3 (blue loga- 
ratio profiles are displayed as 1-kb moving aver- 
‘ages. Boundaries between adjacent cis-regulatory 
domains are indicated with brackets above the log- 
ratio plots. (B) H3.3/H3 log ratios (brown) are 
shown for the PREs (magenta) and boundaries 


(blue) for which DNaseF-hypersensitive sites have 
been mapped (indicated with vertical arrows). 


8'*Tbxa__| [Mop Fab-7 Fab-6 2 


eae meee e 
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The hut, Mep, Fub-7, and Fab-8 PRE-boundaries 
cach encompass conspicuous peaks of 133 
abundance (Fig, 2B) that closely comespond to 
all the known nuckease-hypersensitive sites with- 
in the region (//-13), Nuclease hypersensitivity 
identifies sites of relatively accessible DNA, 
50 that their correspondences to peaks of his 
tone replacement suggest that continuous dis- 
of nucleosomes expases cis-regulatory 
(A relative to surrounding regions. 

PRE-boundary elements in the BX-C and 
‘other regions ane binding sites for multiple Poty- 


comb group (PcG) proteins, which have been 
‘mapped in an S2 cell line at high resolution (8) 
Ifthe process that disrupts nucleosomes also fa- 
Cilitates PoG binding, then we would expect a 
ccormespondence between peaks of PoG binding 
and peaks of H3.3. Indeed, when we compared 
133 profiles with those for Enhancer-oFzeste 
(EZ) and Posterior sex-combs (PSC) PeG pro- 
teins, we Found that all 10 peaks of PoG binding 


in the abdominal region are also local peaks of 


13,3 (Fig. 3A. and table SI). Likewise at the 
ANTP-C, all 13 peaks of PeG binding in the 


| 


= mt 


t93 
c 
8 Tot BCC or ANTP-S 
x 
‘| BX.C.& ANTP.C, 
NP 
k v find 
“oe a a 20 tae 


stance rom EZ & PSC peaks (xb) 


Fig. 3. Sites of PcG binding correspond to local peaks of histone replacement and reduced nucleosome 
‘occupancy. Comparison of the H3.3 log-ratio profile to EZ and PSC profiles (8) at (A) the BX-C (rom 
Fig. 2A) and (B) the ANTP-C. Locations of prominent EZ and PSC peaks are marked with vertical dotted 
lines. Arbitrary scaling was used to facilitate visual comparison bebieen H3.31H3 log ratios and linear EZ 
and PSC profiles, Actual scales are shown in fig. $5. (©) H3.3 log-ratio profiles aligned around EZ+PSC 
peaks for the BX-C and ANTP-C regions (dotted line) and for the remainder of the genome (solid line), 
showing moving averages using a 500-bp window. (D) Same as (O, except showing the moving averages 


for nucleosomal/genomic DNA log-atio profiles. 


Fig. 4. Binding sites for txG proteins and 
poised promoters are associated with 
conspicuous histone replacement and 
reduced nucleosome occupancy. (A) Aver- 
age H3.3/H3 and nucleosome occupancy 
log-ratio profiles aligned at 390 Zeste- 
binding sites. (B) Average H3.3 (red) and 
H3 (blue) log ratios at uninduced heat 
shock genes. Dotted gray lines are histone 
profiles for all annotated genes on 3R, 
shown in decreasing intensity from the 
most active (top 20%) to the least active 
(bottom 20%) gene sets. Very similar 
H3.3 profiles were obtained in three dif- 
ferent experiments (fig. S10). 


< ° 3 
‘Distance om Zestestos (kb) 


oa 
(ictance trom Send (i) 


Ser-Anip region correspond 10 high levels of 
13 (Fig. 3B and table $1). 13.3 enrichment at 
PeG-binding sites is not atirbutable to higher 
nucleosome occupancy, because essentially iden 
tical results were obiained for 13.3/H13 profiles 
(igs, S2 and $3), 

Not all PREs in the BX-C are found to be 
sites of PoG binding: for example, neither Fah-? 
‘nor Fab-8 is detectably bound by EZ or PSC 
(8), The fc that all PoG sites are peaks: of his- 
tone replacement, but not vice versa, suwsests 
that histone replacement at PRES and boundaries 
is constitutive and independent of the expression 
of the homeotic genes that they regulate. For 
example, AIvl-B is expressed at high levels 
‘S2 cells and displays the typical 113.3 5° peak 
for an active gene (Fig. 2A), whereas Uy and 
als are nearly inactive (8, 9), yet the PRI 
and boundaries regulating. all three genes are 
sites of conspicuous histone replacement over a 
ow hackground, 

We also examined histone replacement aver= 
aged over the 175 genomewide EZ! PSC peaks 
outside of the BX-C and ANTP-C (table $1) 


eG maximum (Fig. 3C and 
the strong association between PoG_ prot 
binding and histone replacement is not limited 


to homeotic gene clusters. The genomewidle 
1133 peak is higher than that for the BX-C and 
ANTP-C, presumably because other PeG-binsing 
sites are not superimposed over such deep 13,3 
valleys (fig. SS), 

The colocalization of PeG-binding sites and 
local peaks of H3.3 suggests that the process 
that disrupts nucleosomes locally maintains the 
accessibility of cissegulatory DNA to PeG pro 
teins. I's0, then there should be a lower average 
eccupaney of nucleosomes over sites of PeGi 
protein binding than over their surrounding re= 
sions (8, 4), To test this possibility, we hybrid 
ized nucleosomal DNA and fragmented genomic 
DNA on the same microanays and measured 
nucleosomal genomic DNA fog ratios. Around 
peak regions of EZ/PSC binding, nucleosomal 
DNA was clearly depleted on average (Fig, 3D 
and table S1), similar 10 the depletion seen for 
active gene promoters (2) (fig. S1), and ess 
tially the same results were obtained with di 
ferent methods for genomic DNA fragmentation 
(fig. $6). We conclude that the comespondence 
between histone replacement and nucleosome 
depletion isa genomewide feaure of PeG-binding 
sites. 

In Drosophila, many ci 
including PI 


regulatory elements, 
and boundaries, are bound by 
the 1xG_ proteins, Zete and GAGA factor 
(GAF) (/5). To test the possibility that histone 
replacement is enhanced and nucleosome occu- 
pancy is reduced where Zeste protein preferen- 
tially binds, we aligned 390 Zeste-binding sites 
identified by high-resolution chromatin immuno- 
precipitation (ChIP) combined with tiling micro- 
arrays (ChIP-chip profiling) (/6) and averaged 
Jog ratios of 13.3113 and nucleosome occu- 
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paney. We observed a prominent maximum of 
histone replacement and a sharp minimum of nu- 
cleosome occupancy centered over the point of 
alignment (Fig, 4A and table $2). Similar results 
Were obiained for predicted GAF sites (figs. S7 
‘and SS), which suggests that nucleosome disrup- 
tion is a general feature of txG protein DNA- 
binding sites. 13.3 enrichment at PoG- and txG 
protein-binding sites results from a replication- 
independent replacement process, because essen 
tially identical profiles were obtained for 13.3%, 
Which lacks the Nacminal tail and does not 
assemble during replication (fig. S9). 

Like Fab-7 and Fub-', heat shock gene pro- 
motets are prominent sites of GAF binding, nu- 
lease hypersensitivity, and reduced nucleosome 
‘occupancy (/7), Heat shock protein Hsp70 genes 
are constitutively “poised” for rapid) induction, 
but do not produce detectable mRNAS in the 
ced state, We aligned Hsp70. genes at 
‘ends and averaged 13.3 and 13 profi 
For comparison, we averaged similarly aligned 
113.3 and HB profiles for all 2165 genes on 3R 
with known 5” and 3° ends, divide! into quintiles 
based on expression levels H3.3 pattems were 
similar to those of highly active genes (Fig. 4B 
and. fig, S10), with histone replacement levels 
Peaking on either side of heat shock promoters 
‘As do transeriptionally active gene promoters 
(2) heat shock genes display prominent 13.3 
nk! HB dips in abundance that are atributable 1 
prrtial nucleosome depletion (/7), Constitutive 
histone replacement also appears to be a feature 
‘of poised promoters. invertebrates, because 
13.3 is strongly enriched in the upstream region 
‘of the chicken folate receptor gene, regardless of 
‘whether the active oF inactive (8) 


‘What process maintains the chromatin of cis- 
regulatory elements in a state of flux? Many 
DNA-binding and chromatin-inding proteins 
involved in gene regulation display short resi- 
dence times on DNA (J9), and some mouse 
transcription factors show dynamic behavior at 
their functional binding sites (20, 27) model 
for this process has been proposed, involving al- 
temating cycles of nucleosome disruption by a 
Brahma-related SWUSNF chromatin-remodeler 
and transcription factor binding (2/). The bind- 
ing of PoG and txG proteins is also dynamic 
(22, 23), and we propose that a similar cycle of 
nucleosome disruption and factor binding takes 
place at boundaries and PRES. Nucksome dis- 
ruption by SWISNF remoting complexes woul 
‘occasionally evict muckosomes (24) and tran- 
signily expose DNA, which would beoome avail 
able to other diffusible factors, including PeG 
proteins. The continual local presence of nucleo 
some remodelers would result in another eyele of 
remedcling, nuckosome depletion, nuclease hy- 
persemsitivity, and histone replacement at the site 
This model could account forthe diversity of txG 
proteins (75), which include DNA-binding. pro- 
ins (Zeste and GAF) nucksome remoxdclers 
(Brahma and Kise), and histone methykrans- 
frases (Trithorax and Ash!) that are specific for 
HSK, a modification that 1s highly enriched on 
1133. The resulting dynamic process would allow 

ns that promete opponite epigenetic out- 
fact at common cieregulstory sites. 
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Anaphase Onset Before 
Complete DNA Replication with 
Intact Checkpoint Responses 


Jordi Torres-Rosell,"*+ Giacomo De Piccoli, * Violeta Cordon-Preciado,* 
Sarah Farmer," Adam Jarmuz,? Felix Machin, $ Philippe Pasero,” Michael Lisby,” 


James E, Haber,* Luis Aragén*5 


Cellular checkpoints prevent mitosis in the presence of stalled replication forks. Whether 
‘checkpoints also ensure the completion of DNA replication before mitosis is unknown. Here, we 
show that in yeast smc5-smmc6 mutants, which are related to cohesin and condensin, replication is 
delayed, most significantly at natural replication-impeding loci like the ribosomal DNA gene 
cluster. In the absence of Sme5-Smcé6, chromosome nondisjunction occurs as 2 consequence of 
mitotic entry with unfinished replication despite intact checkpoint responses. Eliminating processes 
that obstruct replication fork progression restores the temporal uncoupling between replication 
and segregation in smc5-smcé mutants. We propose that the completion of replication is not under 


the surveillance of known checkpoints. 


ukaryotes have acquired cellular mecha- 
nisms that prevent or delay progression 
{Ahrough the cell eyele when DNA is dam- 
aged (J), These mechanisms are referred 10 as 


checkpoints. Completion of DNA replication be- 
fore mitotic entry is thought to be subjected to 
regulation by a checkpoint (J), because prema- 
ture entry into mitosis would be detrimental to 


the integrity of the genome. Such a replcation- 
‘completion checkpoint should prevent mitosis by 
sensing the persistence of unreplicated DNA ot 
ongoing fork progression in an otherwise normal 
S phase. 

‘The anguments supporting the existence of 
replication-completion checkpoint derive fom 
observations demonstrating that buxlding yeast 
cells activate a reversible checkpoint when cells 
are treated with the drug hydroxyurea (HU) (2) 
However, the checkpoint response 10 HU is 
caused by the accumulation of single-stranded 
DNA on replication forks rather than unrep- 
licated DNA (3-5). Indoed, indirect evi 
fiom several studics sugyests that yeast cells 
right lack a replication-completion checkpoint 
8). 

The SmeS-Sme6 complex is related to 
cohesin and condensin and functions in DNA 
repair (9). Cells expressing the smeS-sme6 mu- 
tant alleles showed S phase~ and anaphase-entry 
times similar to those of wild-type (WT) cells 
(Fig. 1A and fig. SIA), and the central check- 
point kinase RadS3 was activated only after the 
first mitosis under nonpermissive conditions 
(U0). The ribosomal DNA (rDNA) array in the 
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middle of chromosome XII is a major binding 
site for the SmeS-Sme6 complex (/0). Segre- 
gation analysis of chromosome XIL with the 
use of fluorescence detection of DNA-based 
lags, Which were inserted at different posi- 
tions along the chromosome, revealed that 
tags located between the centromere and the 
FDNA segregated equally to dau; 
in WT and mutant cells, whereas tags be- 
tween the HDNA and the telomere missegre- 
ated to one pole in smeS-smc6 mutants ( 
S1B) (10), Thus, unresolved linkages between 
sister chromatids seer 
nondisjunction in these mutants. Deletion of 
the recombination gene RADS2 partially sup- 
presses the smct-9 growth defect (70). We 
‘observed a modest reduction in nondisjunc~ 


to cause chromosome 
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Fig. 1. Passage through S phase, but not through anaphase, in the absence of Smc5- 
Smc6 produces chromosome nondisjunction. (A) Cell cycle dynamics of spindle elongation 
in WT and smc6-9 cells, showing that smc6-9 mutants are not delayed in cell cycle 
progression. The image depicts a representative micrograph of spindles during the time 


tion of chromosome XII when we deleted dif 
ferent recombination genes (fig. S2, A and 
B). Therefore, the majority of nondisjunction 
events in smc6-9 cells are not recombination 
structures 
Segregation analysis with the use of dif 
ferent growth regimes (fig. $3) showed that 
SmeS-Sme6 function is required during S 
phase (Fig 1, B and C). To explore possible 
defects in replication forks, we compared ac- 
tively replicating rDNA from WT and smc6-9 
mutant cells by two-dimensional (2D) gel elec- 
trophoresis (see supporting online material) 
We detected an increase in replication fork 
barrier (RFB) arrest, recombination, and te 
mination structures in sme6-9 mutants during 
S phase (Fig. 2, A and B). The accumulation 
of structures in sme6-9 was not caused by an 
increase in origin firing because WT levels 
bubble intermediates were observed in the 
mutant (fig. S4). Unexpectedly, we found that, 
unlike WT cells, smc6-9 mutants exhibited an 
increase in Y-are replication structures when 
cells were arrested in metaphase (Fig. 2C) 
(10). Thus, sme6-9 cells are still replicating 
metaphase, demonstrating. that 
the replication of this n 
To further confirm this possibility, we 
monitored the replication of individual (DNA 
ehromasomes by their extension 
ed glass surfaces (1). Cells wer 
wuced to incomponate bromodeoxyuridine 
(Brill) in their DNA during the previous rep- 
lication. In addition, we blocked cells in meta- 
pphase to ensure that they did not enter another 


Disittuton of spine engine 
10, S2t045M mm 6t0e eM 
S400 me 


os8esesa 


Pe] errr von ens 


course, (B) Segregation of a chromosome tag (tet0:487) inserted in the telomere flank of 


DNA under the indicated conditions in WT, smc6-9, and nse5-1 cells. (C) Representative 
micrographs of cells in (B). Red, nuclei; green, tet0:487. 
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cell cycle, We digested chromosomes with re- 
striction enzymes that cut throughout the 
‘genome bat not within the 2-megabase (DNA 
region: thus, long DNA fibers that were ex- 
tended on the silanized glass surfices repre- 
sent ribosomal gene arrays (/2), Replicated 
regions incorporated BrdU and were ider 
fied after immunodetection, when 
gaps in the fibers revealed unreplicated re 
ns. We detected a twofold increase in un- 
roplicated gaps in vmc6-9 cells 
cells (Fig. 2D), Moreover, the average length 
of the HDNA fibers in smc6-9 cells. was sig- 
nificantly shorter than that in WT cells (Fig, 
2D), suggesting that sme6-9 fibers. break 
during the protocol, Thus, this procedure 
underestimates the amount of unreplicated 
ADNA gaps in these mutant cells, In addition, 
gaps smaller than a few kilobases are not 
detectable by this technique (/2). We con- 


clude that replication of the DNA region is 

delayed, and not completed by metaphase, in 

smc6-9 cells 
The fi 


that sme6-9 mutants are not de: 
Wry (lig. SIA) suggests 
that they might execute anaphase before they 
finish replication, at least f 
tated wheter replication is com- 
is belore segregation 
‘trophoresis (PEGE), 
ly xd chromosomes do not 
resolve by PFGE and remain in the wells, In 
WT cells, unreplicated (Fig. 3: time: 0 min) 
and fully replicated (Fig. 3; time: >80 min) 
chromosomes entered the gel; however, all 
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chrom 


replicating (Fig. 3A; t 


smc6-9 cells, the amount of chromosome XI 


that failed to enter the 


(and even segreg 


that in WT cells (F 


RADS2 had little effect (Fig, 


To ana 


ficient in the activation of known el 


ze whether smc6-9 cells are de 


zel after replication 
jon) was much greater than 
).and the deletion of nucleus in 


A) both strains halt the cell cycle when 


pathways, we tested whether smc6- mutants methyl met 


activate RadS3 in response to replic 


Fig. 2. Replication of 
IDNA regions is not fin 
ished in metaphase in 
simc6-9 mutants (A) Rep 
lication intermediates of a 
IDNA region in WT and 
smc6-9 cells. digested 
with Bgl il and separated 
by 2D gel electrophoresis, 
Schematic representations 
of yeast (DNA and restric 
tion enzyme sites are 
shown, ARS, autonomous 
ly replicating sequences, 
Numbers in parentheses 
represent different struc 
tures on the 20 gets quan 
tified (B) Quantification of 
DNA repication structures 
in (9, (©) WE and sme6-9 
cultures arested in. meta 
phase and analyaed by 2D 
gel electrophoresis as in 
(\. Quantification of cor: 
responding rDNA struc 
tures is shown, (D) DNA 
combing analysis of com 
pletion of DNA replication 
atthe ribosomal genes ar 
ray, Two representative 
IDNA fibers, either com 
pletely replicated or pre- 
senting unveplicated gaps, 
are shown. Gap lengths 
are indicated in kb. Red, 
propidium iodide stain of 
total DNA; green, anti 
bodies to BrdU. Error bars 
in (B) and (©) indicate SD 
from three independent 
experiments 
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somes failed to enter the gel while stress. Similar levels of RadS3 phosphoryl of the DNA-damage checkpoin 


phase checkpoin 


esp 
6-9 cells 10 a single double-strand break (DSB) at the 


WT and 

ide reductase inhib- 

3), Both WT and smc6-9 nuclease (HO) (Fig. 
one of HO induction, b 

that smnc6-9 cells arrested in Gy-M with a single 

eS focus of the checkpoint protein Dde2 (fig. 

plained SSA), and RadS3 activated (Fig. 3C). Check- 


T locus induced by expression of the HO 
3C). After 4 hours 


cells. wit asynchronous WT and 


sponse to HU, indicatin, 


s activated, We 


Is were exposed 10 point activation also occurs when DSBs o¢ 


ic. In addition cur inside the nucleolus. In a strain carrying 


in the activ the [-Sce-I recognition site in the middle of 
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the ribosomal gene array and expressing the 
T-Sce-I endonuclease under the galactose 
promoter, we detected RadS3 activation in 
WT and sme6-9 cells (Fig. 3D). We conclude 
that breaks in the cDNA are also under nor- 
imal checkpoint surveillance. Finally, smc6-9 
mutants are competent in the spindle check 
point, because their sensitivity to the spindle- 
depolymerizing drug benomyl was comparable 
to that of WT cells (fig. SSB). We conclude that 
mitotic entry before the completion of (DNA 
replication in smc6-9 mutants is not caused by 
failures in the cellular checkpoint machineries. 

Our data indicate that replication of the 
FDNA region is severely delayed in the absence 
of SmeS-Sme6 function (Figs, 2 and 3), We 
tested whether eliminating processes that ob- 
struct replication forks in the (DNA would re- 
duce the delay and suppress the chromosome 
XIE nondisjunetion phenotype. The DNA is 
‘composed of tandem repeats that are uniinec- 
tionally replicated because of the presence of 
4 polar RFB, mediated by the Fobl. protein, 
Which is next to the 358 transcription termina- 
tion site (14, 15). In WT cells, replication of 
IDNA has to deal with the presence of RFBs 
and the clustering of active origins (/2), which 
{generates a situation where large fragments are 
replicated by a single rightward-moving fork 
In the absence of Fobl, lefiward-moving forks 
are niot blocked at the RFB site: thus, repli- 
on is agcelerated by the presence of two 
Live forks (instead of one), Deletion of FOB/ 
sme6-9 cells reduced ehromosome XI non 
isjunction from 63 tw 34% (Fig. 4A and fi. 
SOA), In addition to RFBs, the high tran- 
seription rates in rDNA genes are alse likely 
to pose a challenge for active replication across 
the locus. Inactivation of ribosomal RNA 
(RNA) gene transeription can be achieved by 
the simuttancous deletion of the yeast RNA 
polymerase (Pol) | subunit A13S and. the 
introduction of a multicopy pkasmid containing 
the 358 FRNA coding region fused to an RNA 
Pol Il promoter (/6). The inactivation of 
chromosomal FRNA gene transcription reduced 
chromosome XII nondisjunction from 63 t0 19% 
in smc6-9 (Fig. 4B). The simultaneous. in- 
‘of transcription and replication bar- 
riers allows segregation of chromosome XIL 
in smc6-9 mutants with virtually WT efficien- 
ey (Fig. 4B and fig. S6B). Thus, the delay in 
rDNA replication observed in siic6-9 mutants 
isa direct consequence of the inability to pro- 
mote and ensure stable fork progression throuzh 
the DNA. 

A cellular checkpoint can be defined as a 
mechanism that halts the cell eycle in WT 
Is in response to a certain condition (c. 
a cellular 
zene is classified as part of a checkpoint if 
mutants of this gene do not arrest the cell 
eyele as WT cells do. We have shown that 
sme6-9 mutant cells behave exactly like WT 
cells with respect to activation and. mainte- 


nance of all known cellular checkpoints, 
namely the S phase checkpoint, DNA-damage 
checkpoint, and spindle checkpoint, There- 
fore, the SmeS-Sme6 complex is not part of 
any of these mechanisms. We find that, 
despite the fact that all known checkpoints 
are intact in snc6-9 mutants, the replication 
delay in these cells does not hold up mitotic 


—s —_ sett 
eases -neeeese, 


entry before completing replication (Fig. 4C), 
‘The function of the SmeS-Sme6 complex ix 
important for coping with the replication 
program, particularly on challenging tem- 
plates such as rDNA, We do not know the 
exact reason why sineS-vmc6 mutants. are 
retarded in replication. One possibility is that 
‘SmeS-Sme6 function might be required for 
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Fig. 3. smc6-9 cells enter anaphase before completing replication of chromosome Xil, despite the 
presence of intact checkpoint responses. (A) Synchronized WT and smc6-9 cultures analyzed by 
PFGE to visualize yeast chromosomes and their replication. PFGs were transferred and hybridized 
with @ probe to various chromosomes to quantify entry of individual chromosomes. Quantification 
of chromosome Xil entry into the gel is shown for WT, smc6-9, and smc6-9 rad52. cells. The single 
asterisk indicates the axis label: time (in min) after Gy release at 37°C. In (B), Rad53p is similarly 
phosphorylated in WT and smcé-9 cells after HU treatment. A DSB at MAT (C) or FDNA (D) induces 
Rad53 phosphorylation in WT and smc6-9 cells. Arrows in (B) to (D) indicate Rad53p species. 


Phosphorylated Rad53p is indicated (""). 
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accurate fork restart after pausing. We pro- 
pose that neither ongoing forks nor unrepli- 
cated segments of rDNA triggers a classical 
checkpoint response (Fig. 4D). Here, we have 
used the rDNA as a model for replication 
completion, The (DNA region might be con- 
sidered as a “special genomic locus.” How- 
ever, We have shown that it is under normal 
checkpoint surveillance. Because (DNA rep- 
resents 8 to 12% of the yeast genome, mitot- 
ic entry before completion of DNA replication 


is detrimental to the integrity of the whole 
genome. We ako note that failure to replicate 
certain genomic regions, such as centromeres, 
could potentially induce a cell eyecke amest 
though activation of the spindle checkpoint or 
the Rad®-dependent mid-anaphase checkpoint, 
In mammalian cells, fragile sites have been 
shown to replicate late and to be sensitive to 
replication delays (17-19), which sugeests that 
forks progressing through those regions in late 
jy do not signal a mitotic delay and that the 


REPORTS. [ 


chromosomal breaks and gaps observed in 
metaphase cells are due to unreplicated DNA. 
The sme6-9 mutant cells show an inerease in 
chromosomal rearrangements at a nonsDNA 
locus (20), which, as in mammalian fragile 
sites, could be attributed to the segregation of 
partially replicated chromosomes. Studies with 
the origin recognition complex. have shown 
that, during S phase, there is a fork threshold 
for checkpoint activation (2/), Similarly, in 
‘unperturbed eell cycles, ongoing forks below 
a threshold level might fail to activate a 
checkpoint during GM. Therefore, we pro- 
pose that both the timely separation between 
replication and segregation and the reservoir 
of unused origins are the crucial factors en- 
suring replication before mitosis, 
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Fig. 4. Eliminating replication impediments restores segregation in smc6-9 cells. (A) Segregation of 
tet0:487 tag in smc6-9 and smc6-9 fob1.s strains. (B) Segregation of tetO:487 tag in smc6-9, smc6-9 
1pa135., and smc6-9 fob1\ 1pa135.\ strains. (C) Diagrammatic representation of the segregation of 
yeast chromosome Xil in WT and smc6-9 mutants. (D) Delayed replication forks in yeast cells do not 
trigger a replication-completion checkpoint. Error bars in (A) and (B) indicate SD from three independent 
experiments. 
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From Swimming to Walking with a 
Salamander Robot Driven by a 


1416 


Spinal Cord Model 


Auke Jan ljspeert,”* Alessandro Crespi,” Dimitri Ryczko,”? Jean-Marie Cabelguen”* 


‘The transition from aquatic to terrestrial locomotion was a key development in vertebrate evolution. 
‘We present a spinal cord model and its implementation in an amphibious salamander robot that 
demonstrates how a primitive neural circuit for swimming can be extended by phylogenetically more 


recent 


ib oscillatory centers to explain the ability of salamanders to switch between swimming and 


walking, The model suggests neural mechanisms for modulation of velocity, direction, and type of 
‘gait that are relevant for all tetrapods. It predicts that limb oscillatory centers have lower intrinsic 
frequencies than body oscillatory centers, and we present biological data supporting this. 


as the tetrapod most closely resembling 

the first temestrial vertebrates and repre= 
sents, therefore, a key animal from which the 
‘evolutionary changes from aquatic to terrestrial 
locomotion ean be inferred (1, 2) I is eapable 
‘of rapidly switching between two locomotion 
modes: swimming and walking (+3). The swim- 
ming mode is similar 10 that of the lamprey, 3 
primitive fish, with fast axial undulations being 
propagated as traveling waves from head to 
tail, while the limbs are folded backward. On 
firm ground, the salamander switehes to a slower 
stepping gait, in which diagonally opposed 
limbs are moved together while the body makes 
S-shaped standing waves with nodes at the 
sinlles (3-6) 

Using the salamander as an animal model, we 
auldiess thiee fundamental issues related 10 ver 
tebrate locomotion: (i) the modifications under- 
‘gone by the spinal locomotor circuits during the 
‘evolutionary transition from aquatic to terrestrial 
locomotion; (i) the mechanisms necessary for 
‘coonination of fim and axial movements: and 
i) the mechanisms that underlie gait transitions 
induced by simple eketrical stimulation of the 
brain stem, We address these questions with the 
help of a numerical model of the salsmander’s 
spinal cord that we implement and test on a 
salamandertike robot capable of swimming and 
‘walking. Consequently this study is also a demon= 
stration of how robots can be used to test biological 
models, and in retum, how biology an help in 
designing robot loconiotion controllers. 

As in other vertebrate animals, salamander 
gaits are generated by a central pattem generator 
(CPG)(7, 8). As inthe lamprey (9, 10) and in the 
Xenopus embryo (11, 12). the CPG for axial 
notion —the body CPG —is distributed along the 
th of the spinal cord. It forms a double 
chain of oscillatory centers (groups of neurons 
that exhibit rhythmic activity) located on both 


T: salamander, an amphibian, is regarded 
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sides of the spinal cond and! generates traveling 
waves comesponding to fictive swimming when 
activated by NemethyLo-aspartate bath applica 
tiom in isolated spinal cord preparations (7). The 
neural centers for the movements of the limbs 
forming the limb CPG-— are located in the cervical 
segments for the forelimbs and in the thoraco- 
Jumbar segments for the hindlimbs (3, 14) 
Locomotion can be induced by simple electrical 
stimulation of the mesencephalic locomotor 
region (MLR) located in the midbrain (15). Low 
levels of stimulation induce the show walking gait 
and, at some threshold, higher stimulation induces 
rapid switch to the faster swimming mode. In 
both modes, the frequency of motion is propor 
tional to the stimulation strength. Gait transitions 
bby MLR stimulation have been observed i all 
classes of vertebrates and appear to be a common 
property of vertebrate locomotor control (/6), 

Although these data show the general or- 
wanization of the locomotor CPG, they do not 
explain how the different oscillatory centers are 
coupled together and how they are driven by 
‘command signals for gait generation and modula 
tion. We have developed a numerical mode! of the 
salamander CPG to explore these questions, which 
are relevant to all tetrapods. Previous numerical 
models (/7-20) have provided insights into pos- 
sible mechanisms for gait transition, but faikxd 
10 explain the MLR stimulation experiment de 
scribed above (/5) and the observation that swim 
ming frequencies are systematically higher than 
walking frequencies. 

Our model is based on four main hypotheses 
Hypothesis I: The bedly CPG is fike that of the 
Famprey and spontancously praduces traveling 


‘ple continuous stimulation). The fim CPG, when 
activated, fore the whole CPG into the walking 
mods, as previously propos in (/). Hypothesis 2: 
The strengths of the couplings from limb 10 body 
‘oscilla are songs than those fom body 10 body 
‘oscillatces and fom body to limb oscillates. This 
allows the fim CPG to “verde” the natural tend- 
tency of the body CPG to produce traveling waves 
and force it 10 produce stanging waves. Hypothesis 
3: Limb oscillators camot oscillate at high fre- 
‘quencies that i they saturate and stop oscillating at 


high level of drive. This provides a mechanism for 
automatically switching between walking and swim 
‘mig when the drive is varied (/5)and explains why 
svimming frequencies are systematically higher than 
‘walking fieguencies (3, 5). Hypothesis 4: For the 
same drive, limb oscillators have lower itn fe- 
quencies than the body oscillators, This explains 
the rapid increase of frequency during the switch 
fiom walking to swimming and the gap between 
‘walking and swimming frequency ranges (3, 3) 

‘The CPG model is composed of a body CPG 
and a limb CPG implemented as a system of 
coupled nonlinear oscillators (Fig, 1A). Simiar 
to lamprey models (2/), the bursting properties of 
an oscillatory center—the oscillations between 
bursts of motoneuron activity and periods of 
rest-—are modeled by means of a phase os 
‘with contolled amplitude: 


A = Amv +E wy sin(, ~ 0, 
7 


%) 


eo] 


x)= n(1 + c0s(0))) 


Where 0) and rare the state variables repres 
ing the phase and the amplitude of oscillator é, vy 
and R, determine its intrinsic frequency and am- 
plitude, and a is a positive constant, Couplings 
between oscillators ane defined by the weights wy 
and phase biases dy. A positive oscillatory signal, 
1s Fepresents the burst produced by the center: 

In the lamprey and the salamander, the am= 
plitude and frequency of bursts depend on the 
‘amount of stimulation (15, 22), Typically, when am 
increasing drive is applied, three phases can be 
distinguished: (i) a subthreshold phase without 
bursts; (i) an oscillating phase where the five 
quency andl amplitude of bursts increase with the 
dives an! (ii) a saturation phase where centers 
stop oscillating. We replicate this effet by 
introducing a piecewise linear saturation function, 
‘which similarly modulates the intrinsic frequency 
and amplitude v, and R, acconding to a drive signal 
a, between a lnver oscillation threshold, chyye andl 
an upper on dig Limb and boxly oscillators 
are provided with different saturation functions, 
‘with the limb oscillators systematically oscillat- 
ing at lower frequencies than body oscillators for 
the same drive (hypothesis 4) and saturating at 
lower threshold dhgn (hypothesis 3), Except for 
‘uming, all oscillators receive the same drive d. 

The coupling parameters wy and oy are sot 
saich that the body CPG produces traveling 
‘waves thypothesis 1) and the limb CPG produces 
the silamuander stepping. There are unidirectional 
couplings from limb oscillators to body oseil- 
Intors (Fig. 1A) whose strengths are fanger than 
those within the body CPG (hypothesis 2). More 
details and parameters are provided in the Sup- 
porting Online Material (23), 

Robots are increasingly used as tools 10 test 
hypotheses conceming biological systems (24). 
Here, we test the spinal cord model on a sal- 
amander robot whose purpose is thmeetld: (i) to 
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show that our CPG model can generate forwand 
motion with variable speal and heading (i.e. 
aspects that need a “body” for validation and 
‘cannot be studied at a neuronal level alone} (i) 10 
‘qualitatively compare the gaits generated to those 
‘of the real salamander; and (it) to show that the 


concept of CPGs can kead to robust locomotion 
control for robots with multiple articulated joints. 

‘The 8S-cm-long robot is designed to apprasi- 
mutely match the kinematic structure of salaman- 
ders (Fig. 1B). The robot can move its four limbs as 
well as produce lateral undulations ofthe spine with 
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‘six actuated hinge joints. Unlike the real animal, 
limbs perform continuous rotation. The rotation rep- 
‘cates the rotational thrust that silamander kgs ap- 
Hy tothe ground while in stance phase and allows 
te alicmation tween swing a stance, Spain 
for the metor controllers are based on the difference 


Fig. 1. Configuration A 8 
‘of the CPG model (A) 
and salamander robot 
(B). The robot is driven 
by 10 de motors, which 
actuate six hinge joints 
for the spine (black 
disks in the schematic 
view of the robot) and 
four rotational joints 
for the timbs (black 
cylinders). The CPG 
composed of a body 
CPG—a double chain 
‘of 16 oscilators with 
nearest-neighbor cou- 
pling for driving the 
spine motors—and a 
limb CPG—4 oscil- 
lators for driving the 
limb motors, The out- 
puts of the oscilators 
are used to determine 
the setpoints « (de- 
sired angles) provided to 
proportional-derivative 
(Pb) feedback controllers 
that control the motor 
torques (through their 
voltage V)) given the actual angles @. The CPG model receives left and right drives d representing descending signals from the MLR region in the brain 
stem, The velocity, direction, and type of gait exhibited by the robot can be adjusted by modifying these two signals. 


4 


Raa 
0-0, 0-0-0-0 


2 


PD controller 


a a 
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Fig. 2. Switching from walking to swimming; activity of the 
CPG model when the drive signal is progressively increased. (A) 
4 signals from the left body CPG oscillators (oscillators on the 
right side are exactly in antiphase). The numbering corresponds 
to that of Fig. 1A. Units are in radians (scale bar on the top 
right. The red lines illustrate the transition from standing 
waves (vith synchrony in the trunk, synchrony in the tail, and 
‘an antiphase relation between the to, 45 < t <20 3) to 
traveling waves (20 5 < f <36 5). (B) x, signals from the left- 
limb CPG oscillators. Ipsilateral fore- and hindlimbs are in 
antiphase, (C) Instantaneous frequencies measured as jin 
‘cles. The variations in the instantaneous frequencies among 
individual oscilatos at times t = 4 s and t= 20 s correspond to 
brief accelerations and decelerations before resynchronization. 
{(D) Linear increase of the drive d applied to all oscillators. The 
horizontal red lines correspond to the lower (dig = df= 1) 
and upper (dSB= 3, oXGff= 5) oscillation thresholds for timb 
and body oscillators in arbitrary drive units. Movie S2 shows a 
similar switch from walking to swimming in the robot, 
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between the x, signals fiom the lett and right body 
‘oscillators forthe spine motors, and on the phases 
0, of the limb oscillators for the limb motors. 
[See (23) for additional design information. | 

‘The CPG model produces swimming and 
Walking paitems that are consistent with those of 
the real salamander. As observed in MLR stim 
ulation experiments (75), the model produces an 
abrupt transition between gaits simply by varying 
thedrive (Fig 2). During walking (i, at low drive), 
the strong couplings fom limb to body oscillators 
force the body CPG to oscillate ata low frequency 
with an S-shaped standing wave, a in the ehee- 
twomyogram (EMG) recordings (5), The frequency 
and amplitude of oscillations inerease proportionally 
with the drive, ALT= 20s, the limb oscillators 
saturate, and this induces a rapid gait transition to 
the higheriequency swimming met. Traveling 
\Wwaves for swimming are released, also as in the 
EMG recordings (5). These trveling waves in- 
crease in amplitude and fiequency as the drive is 
fuanher increase, until the body oscillators reach 
their upper oscillation threshold ans! stop oscillating. 

These numerical results age with detailed 
kinematic analyses of the gait transitions, which 
found tha traveling waves in the bey axis are not 
‘observed! simultancousty with limb movements (4), 
Another importint similarity with the MLR stima- 
lation experiments and with recordings in tadpoles 
(22) is the step increase of frequencies daring the 
transition from walking to swinming. Inthe mex, 
the lim oscillators slow down he rhythms durin 
walking, and once silent, rapidly release fister 
swimming shythms due to the higher intrinsic 
fiequenicies of the body oxcillitors. This ean also 

xplin why sslamander walking and swimming 
fiequencies do not overlap (3, 5), but have distinet 
ranges with a gap betwoen therm (ex, walking from 
(0.6 101.2 Ha, siting from 1.6 192.9 He in the 
salamander Plewoxeles walt. In eur meade, walk 
ing and swimming fequencies range, respectively, 
fiom 2 10 046 He and from 0.9 to 1.3 Hz. The 
intrinsic frequencies of the model have been raced! 
‘compared to those ofthe real salamander to fit with- 
in the torque limits of the robot motors. Alou 
Fig, 2 shows an example with a simple linear in- 
‘erease ofthe drive, the model ean rely deal with 
abruptly anal continuously varied drives (2s likely 
‘occurs in a freely behaving animal) and medukite 
the velocity and type of gait accordingly (23). 

In addition to similarities in neural pattems, the 
tits produced by the robot are similar to those of 
‘al salamander: In the watking gait (Fig. 3), the 
‘body makes an S-shaped standing wave with 
nodes atthe zines. The envelopes of lateral dis 
placements compared to the direction of motion 
(Fig. 3C) are qualitatively similar forthe robot and 
the salamander, with minimal displacements close 
to the gins (note that the hindlimb girdle is 
located closer to the tal forthe robot). The asia 
undulations resemble that of the salamander with 
two exceptions: The tail ofthe robot is bent over 
its who length, whereas the tip ofthe slamander’s 
tends to remain straight, and the Iiead of the 
robot makes more lateral displacements because it 


lacks joints in the neck. The body-limb coordina 
tion in both the robot and the real salamander 
optimizes stride Kengih (23), Increasing the drive 
Jeads to an augmentation of the speed of walking, 
due to the higher frequency and amplitude of os 
cillations. The walking velocities obtained range 
from 003 10 0,09 ms (104 100.11 body lengths). 
Inretative terms the robots slower than a wu 
Which walks at wlocities in the range of 0.1 10 04 
‘body Kxngths's. The difference can be exphiinad 
boy the lower ffequencies used inthe robot. 

The swimming mode of the robot is also 
‘consistent with that of a real salamander (Fig. 4). 
The traveling wave of body undulation allows 
the salamander robot to propel iself forward in 
Water, The lateral displacements are similar 10 
those of the salamander, with points of minimal 
displacement traveling from head to tal (Fig. 4, 
A and B, arrows). The envelope of maximal lat- 
eral displacement has a more complex. profile 


A 


, 


Fig. 3. Walking gat. (A) Suc- 
cessive midline profiles recon- 


than that of the real salamander, in which the 
‘maximal lateral displacement increases more or 
[ess monotonically from head to tail (Fig. 4C). In 
the robot, there is a bump in the envelope just 
above the hindlimb ginile. This is probably 
because the lack of a hinge joint at the girdle 
and the increased mass of the hindlimb module 
affect lateral displacements, Consistent with 
salamander kinematics and EMG recordings, an 
‘undulation wavelength of one body length is 
maintained even when the fiequency of os 
lations is modified with the drive. The swim- 
ming velocities range from 0.07 to 0.12 ms 
(0.08 to 0.14 body lengths) In relative terms, 
the robot swims more slowly than P waldid 
(from 0.4 to 1.2 body lengthy/s). The differ 
likely results from a combination of thiee fa 
tors: The robot has lower fiequencies, fewer 
actuated joints, and a less profiled body th 
P. walilii. Nonetheless, considering the rela- 


structed from digitized video © 16} 

fields by means of 18 marker 

points (lack dots) during 214 

‘complete stepping ace of one 

individual salamander (velocity = 12) 

(0.06 mis = 0.34 body lengths. 

‘Squares indicate girdles. A dot 10] 

at the extremity of a limb 

indicates the eximated foot on. = 8 

tact with the ground. The hort 

‘zontal lines show the overall 6) 

direction of fornard wavel. (8) = 

Same measurement with 10 9 4 

makers on the robot (rive = 

2.0, velocity = 0.06 ms =007 2 

bat lena. © Ereens; | tpt Head 
corresponding to ‘maximal 

lateral. displacements in the me eed 


salamander and the robot. The 


data points and error bars comespond to the averages and standard deviations of 5 sequences at various velocities 
{for the salamander and 25 sequences forthe robot (23). See also movies S1 and S2. BL denotes body length. 
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tively simple design of the robot, its overall 
performance captures many elements of the sal- 
amander’s locomotor behavior. 

Lateral tuning can be induced during both 
Walking and swimming by applying asym- 
metrical drives between left and right sides of 
the body CPG, Such a mechanism is in agroe- 
ment with the activity pattems of reticulospinal 
neurons observed during lateral tums in the 
swimming lamprey. [See (23) and movie S2.] 

‘The model leads to the following four pre- 
dictions. (i) It predicts that limb oscillators sat- 
Uurate at lower frequencies than body seillators 
{hypothesis 3). The stturation could be duc either 
to 4 spinal mechanism (ic, limb oscillators are 
intrinsically limited to lower frequencies) and/or 
toa mechanism in the reticulospinal neurons (i, 
these neurons could stop transmitting the loco 
motor command t0 the fimb oscillators if the 
signal exceeds a threshold). Gi) Hypothesis: 4 
predicts that motonewon signals wo limb and 

ss should exhibit different oseillation 


(seme 


Fig. 4. Swimming mode. (A) 
‘Successive mid line profiles during 


frequencies for the same drive when body 
oscillators are Bolated from limb oscilla 
Experiments show this prediction to be true (sc 
Section 4 of the Materials and Methods). (ii) We 
predict that. similar wo the lamprey, asymmetrical 
stimulation of the brain stem will lead to taming 
in salamanders. (iv) We predict that lesioning 
the neural pathways from limb centers to body 
centers will modify the walking gait~the body 
will tend to make traveling waves, and there 
Will be a loss of coondination between limb move- 
ments and body undulations —but not the swim 
ming mode. 

‘The main implication ofthis study for venebrate 
Jocomation i to show how a tetapod locomotion 
controller can be built on top of a primitive 
swing cieuit and explain the mechanisms of 
‘gait wanton, the switch betworn traveling and 
standing waves of body undulations, aed the eo 
conination between bey and limbs This work 
extends models of gait transitions as bifreation 
phenomena (25-27) by taking evolutionary med- 


a complete swimming cycle of Cg 
‘one individual salamander (ve- 


locity = 0.17 m/s = 0.89 body 4g 
lengths’). Same representation 
in Fig. 3A. Arrows indicate the 49) 


points of minimal lateral displace- 
iment from the overall direction of 
forward travel (horizontal lines). 
Note the traveling wave in the 
body undulation, (B) Undula- 
tions in the robot (drive = 4.0, 
velocity = 0.11 ms = 0.13 body 
lengths). (©) Envelopes corre- 
sponding to the maximal lateral 
displacements. The data points 
and error bars correspond to the 


Displacomont (% of BL) 


Tpot ait 


‘averages and standard deviations 
‘of 6 sequences at various velocities 
for the salamander and 25 


100 


‘sequences for the robot (23). See also movies S1 and S2. 
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ifications into account and proposing that the ad- 
dition of oscillatory centers together with the 
meitication of intrinsic and saturation fiequencies 
in spinal oscillators could provide a general mech- 
anism for the generation of multiple gts in 
Vertebrates. 

Finally, this work also contibutes to robotics, 
There is currently no well-established method- 
ology for controlling the locomotion of robots 
‘with multiple degrees of freedom, in pantcular for 
‘non -steady-state locomotion in complex environ- 
ments. CPGs offer an interesting approach to 
solving the problem of online trajectory generation 
bby using the limit eycle behavior of coupled os- 
cillsiors to produce the motor cormmands in real 
time. CPG-based control allows one to reduce the 
dimensionality of the locomotion control problem 
‘while remaining highly fleible 1 continuously 
adjust velocity, dincction, and type of gat accord= 
ing to the environmental context 
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Ecological Speciation in South 
Atlantic Island Finches 


Peter G, Ryan,™ Paulette Bloomer,’ Coleen L. Moloney,* Tyron }. Grant,” Wayne Delport*? 


Examples of sympatric speciation in nature are rare and hotly debated. We describe the parallel 
speciation of finches on two smal islands in the Tristan da Cunha archipelago in the South Atlantic 
Ocean. Nesospiza buntings are a classic example of a simple adaptive radiation, with two species 
‘on each island: an abundant small-blled dietary generalist and a scarce large-billed specialist. 
Their morphological diversity closely matches the available spectrum of seed sizes, and genetic 
‘evidence suggests that they evolved independently on each island. Speciation is complete on the 
smaller island, where there is a single habitat with strongly bimodal seed size abundance, but is 
incomplete on the larger island, where a greater diversity of habitats has resulted in three lineages. 
Our study suggests that the buntings have undergone parallel ecological speciation, 


‘uring much of the 20th century, speciae 
D« nen sewaly rein ong 
uns was assumed 10 require an allopatric 
c, when the incipient species were isolated 
(3), Over the past decade, models have been 
developed suggesting that speciation can occur 
through natural or sexual selection in parapatry 
‘or sympatry, with partial or complete overlap be 
tween populations (4-6). Initial segregation is 
driven by fequeney-dependent disruptive selec- 
tion, in which individual fitness is determined by 
the composition of the population through com 
Petition. This is tenmed adaptive speciation 10 
stress the importance of biological interactions 
(#), although adaptive processes also may rein 
feece segreyation in allopatrically derived lineages 
(7.8), Ecological speciation is «similar process, 
hereby reproductive isolation results. ffom 
divergent selection for different environments oF 
niches, but it makes: no assumptions about the 
inital spatial structure of populations (7). I also 
predicts the independent evolution of convensent 
scomoyphs in similar environments (7) 

‘There is much debate about adaptive sympat- 
ric speciation (2. 5, 6, 9), with recent theoretical 
studies suggesting that speciation through com 
petitive interactions is ether unlikely (9) oF plau- 
sible only under fir more restrictive conditions 
than originally proposed (5,6). In sexually repro 
ducing organisms, assortative mating is necessary 
to reduce gene flow between lineages, although 
the number of loci affecting a trait under selection 
may also play a role (6). In empirical studies itis 
diflicult 10 exclude the possibilty of initia allo- 


‘Percy FiuPatrck Insute, Department of Science and 
Technology/Nationat Research Foundation Centre of Ex. 
celence, ‘University of Cape Town, Rondebosch 7701, 
South Africa. “Molecular Ecology and Evolution Pro- 
‘gramme, Department of Genetics, University of Pretoria, 
Pretoria 0002, South Aca, 

“To whom correspondence should be addressed. Email: 
Peter Ryan@uctacza 


patric segregation and subsequent dispersal (7) 
The mest plausible examples are found in host- 
specific insects and ffeshwater fish (J, 10, 11) 


Among birds, the specialization of brood para- 
species on different hosts may lead to 
sympatric speciation (/2), but resource speciale 
ization is not known 1 drive speciation, with 
intraspecific competition being reduced through 
‘sexual dimorphism or, more rarely, through troph- 
ic polymoxphism (13, 14), 

Island finches have been especially influen- 
tial in the development of evolutionary theory 
U5, 16), Lack’s classic study of Darwin's finches 
(26) provided strong support for the allopatric 
model of speciation, Akhough recent studies have 
shown that hybridization and introgression are 
important in the evolution of Darwin's fit 
(17-19) axl that competitive interactions rein- 
free species liflerences in sympatry (8), the 
initial development of momhological diversity is 
sill considered to have occurred in isolation (15). 
However, the large number of islands and finch 
species makes it difficult to infer evolutionary 


ay a 


a 
Neo raceme Weta] Neerose mie 


Fig. 1. The Tristan da Cunha archipelago (A) showing the distributions of habitat types on Inaccessible 
Island (14 km?) and Nightingale Island (4 km"). Squares 1 to 3 show the main study areas on 
Inaccessble Island. The diversity of Nesospiza buntings could result from either allopatric speciation (B) 


‘or parallel sympatric radiations (Q. 
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histories (20), We provide evidence for parallel 


<ccological speciation in the simpler radiation of 


‘Nesoypiza buntings at Titan da Cunba (6,21). 

‘The Tristan da Cunha archipelago comprises 
thee voleanic islands 20 to 35 km apart in the 
central South Atlantic Ocean (Fig. 1A) The 
islands differ in size and age, with the largest 
island (Tristan, 96 km?) being approximately 
200,000 years old, whereas Nightingale Island 
(4 kan?) is at east 18 milion years. old (22). Ine 
ascessible Island is intemedite in size (14 km?) 
and age @ million years) (28), Palynological 
studies indicate thatthe vegetation has remained 
relatively unchanged for at kast the past 20,000 
years (24), Like Darwin's finches (24), Nesaspiaa 
buntings evolved fiom finch-tanagers (Thraue 
pini). Their South American ancestors were 
carried on the prevailing westerly winds across 
3000 ki of ocean (25). Vagrant finches also 
‘colonized Gough Island, 350 km south of Tristan, 
ttiving rise 1 the endemic Gough bunting 
Rowena goughensis (25). Two Nesospiza spe= 
cies are ecognized: Tristan bunting. acunhue is 
an abundant small-bilked dictary generalist 
Whereas Witkins’ bunting N- wilkiny ts a seare 
Jange-illa specialist onthe wood fruit of Pica 
«arborea. Bath species occur on Inaccessible and 
Nightingale Islands, with separate subspecies on 
cach island (Fig. 1, Band ©), N. acunhae became 
extinct on the main island of Tristar about a 
century ao, affer the intreduction of mice and 
rats. farge-illed form was not known fo oxeur 
‘on Tristan, despite the presence of Phylca tees 
The other two islands have been lik inthacneed 
by humans, We used! morphological, ecological, 
and. genetic data to analyze speciation within 
5) 

The 1wo species differ greatly in size on 
Nightingale Iskind (Fig. 2A), a relatively low= 
Iying island (mostly <300 m) dominated! by the 
tall tussock grass. Spartina arundinacea ant 


A 


scattered Pirlica tres (26) (Fig. 1A), Inacees- 
sible Island is larger, with an extensive plateau 
300 to 600 m above sea level. The coastal low- 
lands and clifls support tussock grass and Pintica 
‘copses, but the plateau has two additional habitats 
(Fig. 1A), The lower, more shehensd eastem 
platcau supports Phsfica woodland, whereas the 
higher, western plateau lacks Piafica toes and 
is dominated by Blechnum palmiforme teath 
(26), This greater diversity of habitat is accom- 
panied by a greater variety of bunting pheno- 
types (27), but their size differences are smaller, 
With considerable overlap because of hybridiza- 
tion on the eastem plateau (Fig. 2A). Wilkins® 
(dunnei) and Tristan (acunhae) buntings co- 
‘occur in coastal tussock grass, but N. we dunnet 
is largely absent from the westem. plateau, 
Whereas the eastem plateau supports a hybrid 
swann of birds with bills ranging between lange 
and small (27), In addition, “upland” Tristan 
‘buntings on the plateau have distinctly brighter 
plumage than drably colored “lowland” birds 
along the coast (27), 

Bill depth in finches is directly cometatad 
with the crushing force they can exert and thus 
the size of seeds they can exploit (15), Bill size 
in Nesoxpiza is highly heritable (28), with chose 
correspondence between bill depth and seed avail- 
ability in cach habitat (Fig. 2B). Tussock grassland 
with scatieral Phvlica ees provides a bimodal 
distribution of seal sizes favoring the evolution of 
two finch taxa. Segregation is compkte on Night- 
ingale Island, Each species has a distinctive son 
‘and defends teritones only against conspecifics, 
and there is no evidence of hybwidization (27). A 
similar situation occurs in the same exestal habi- 
tat on Inaccessible Island, although one mixed- 
species pir (0.1% of all pains) and occasional 
hybrids have been observed, On the westem 
plateau, there are no Phyica fiuit and hence few 
Jarge-billed birds (Fig. 2B), Sedges predominate, 
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with smaller seeds than Spurting tussock grass, 
favoring the evolution of a smaller-billed bird 
(upland acunhae) than Tristan buntings found at 
the cost (lowland acunhiae). The easter plateau 
offers relatively low densities of sedge seeds and 
Phylica fruits (Fig. 2By; birds in this area con- 
sume more invertebrates than other populations 
29), Largetilled birds predominate where 
Pitica fruit are abundant, with small-blled birds 
‘predominating where there are few fiuit, even 
among adjacent territories (fig. SI). Hybrids 
have a diflerent song from buntings elsewhere 
fon the island (29), but mating is random with 
respect 10 phenotype at the exotone (25), 

The traditional allopatric model of speciation 
‘posits that the two species evolved in isolation, 
presumably on separate islands, with subsequent 
dispersal between islands 10 form local races 
(Fig. 1B), Ahematively, small- and large-billed 
forts could have evolved independently on each 
island (Fig, 1), This mode! is supported by se- 
quence data for the mitochondrial gene for eyto- 
ccliroms b (25) (fig. $2), There is near-complete 
lineage soning by island, with monophyly reli 
tive to Gough buntings. Only one Tristan bunting 
from Nightingale had an allele shared with In- 
accesible buntings (25), indicating migration or 
incomplete lineage sorting, This individual was 
larger than all other Tristan buntings caught on 
Nightingale, which stnggests that it may have ar= 
rived ffom Inaccessible, On the bss of morphol 
‘og. it was the only case of movement between 
the islands among 925 birds sampled. 

Low levels of eytochrome b allelic diversi- 
ty (0.836) relative to Darwin's finches (0.933), 
‘with comparable levels of nucleotide diversity 
(esp Geaspiaa, 0.011), ate consist- 
cent with a small founder population (25) and 
thus provide low resolution. However, microsstel 
Tite data also support independent radiations. on 
cach island (Table 1 and Fig. 3) (25), Bayesian 
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Fig. 2. Variation in male Nesospiza bill and body size. (A) shows greater occurs. Bill sizes closely match peaks in the abundance of seeds of different 


morphological segregation on Nightingale Island (N. w. wilkinsi and W. a. 
questi) than on inaccessible Island (all other taxa), where hybridization 


Inaccessible island (B). 


sizes on Nightingale Island and in each of the three main habitats on 
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assignment tests without prior defn 
Populations identified five lincages when buntings 
from Tristan and Gough were analyzed together 
(n= 4 boi), discriminating Gough buntings from, 
Tristan (N. a. questi) and Wilkins’ (N. w; wilkinsiy 


buntings on Nightingale Island (Fig. 3B). Bun 
ings from Inaccessible were distinct from their 
‘counterparts on Nightingale Island but initially 
showed litte intraistand structure (Fig. 3B). How- 
ever, thee lineages emerged when they were 


Table 1. Pairwise F statistics between morphologically described taxa. All microsatellite (upper 
matrix, P< 0.001) and mtDNA (lower matrix, P < 0.05) pairwise F statistics indicated significant 
differentiation. Only nonzero mtDNA F statistics are shown, Dashes indicate no difference; blank 


spaces indicate self-comparisons. 


Species Inaccessible Island Nightingale Island 

5 2 3 4 5 6 
1, Lowland W, a, acunhae 0053 0.033 0.099 0.262 0394 
2. Upland W, a. acunhae = = 0.022 0.087 0.204 0.284 
3. Hybrids ~ - 0.033 019% = 0330 
4.N we, dunnel - - - 0.202 0.413, 
5. N. 0. questi O75 0s2 075 (O75 0.425 
6..N.w, witkinsi 1.00 0.80 1.00 1.00 ~ 


Bb Pe 


Fig. 3. Phylogeography of Nesospiza based on microsatellites. An unrooted dendrogram (A) shows 
clear genetic segregation between island populations (unweighted pair-group method with arithmetic 
mean based on Nei’s unbiased genetic distance D). Bayesian assignment probabilities of individuals to 
lineages, where each vertical tine represents an individual and colors indicate the proportion of an 
individua’s genotype assigned to a particular lineage, show clear segregation between islands (B), but 

little structure on Inaccessible when all data are analyzed together (four loci). However, when birds from 


Inaccessible are analyzed separately (seven | 


) there are frequency differences in the assignment of 


individuals to lineages between morphological tara (O. 


analyzed separately for seven loci (Fig. 3C). These 
Tincages are not completely sorted, but correspond 
10 Nw dame’ and the two color morphs of N. a 
acunhae, with hybrids showing an even contribu 
tion from the thre lineages (Fig. 3C and table S1). 
The lack of Fincage sorting may result either from 
‘engoing speciation or from an equilibrium between 
selection and recurrent hybridization 

Independent radiations on Inaecessible and 
Nightingale Islands provide a parsimonious ex- 
planation for our data (Fig. 1), especially the 
origin of three lineages linked to different habi- 
tats on Inaceessile Island. We cannot exclude 
the possibility egation oceurred in 
allopatry, with genetic similarity between istand 
populations resulting from subsequent hybrid- 
ization, This would explain why taxa on each 
island have identical mitochon 
but differ in microsatellites. However, this could 
result from a founder effect, with the diversity of | 
biparentally inherited microsatellites recovering 
faster than materially inherited mitochondrial 
DNA (mtDNA) because of elevated mutation 
rates and the reduced impact of a boteneck on 
microsatellite allelic diversity. Adaptive sympat- 
ric speciation requires frequency dependent dis- 
ruptive selection and assortative mating (4-4), 
The former is promoted by the high density of 
‘buntings (up to 18 pairs ha in tussock grassland) 
24, which favors individuals that exploit novel 
riches. The hater is promoted by three fac 
Juveniles recruit 10 areas close to thei ntl 
(2M: plumage color is determined by diet, whieh 
Varies with habitat (27); and vocal differences 
sare linked to phenotype, with small birds having 
fast, high-pitched songs (29), Plumage color and 
song structure are bo important cues in mate 
selection (29), Imespeetive of whether segrega- 
tion occured initially in symputry oF allopaty, 
Nesospica provides a compelling example of eo 
logical speciation, because ecological processes 
appear t0 be responsible for the evolution an! 
‘maintenance of morphological diversity, despite 
localized hybridization on Inaccessible Island, 
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Coupling Diurnal Cytosolic Ca”* 
Oscillations to the CAS-IP3 
Pathway in Arabidopsis 


Ru-Hang Tang,** Shengcheng Han,?* Hailei Zheng," Charles W. Cook, 
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Robert 


Jackson,* Zhen-Ming Pei*t 


Various signaling pathways rely on changes in cytosolic calcium ion concentration ({Ca*]). In plants, 
testing [Ca**}, oscillates diurnally. We show that in Arabidopsis thaliana, {Ca®*, oscillations are 
‘synchronized to extracellular Ca®* concentration ((Ca**],) oscillations largely through the Ca*-sensing 
receptor CAS. CAS regulates concentrations of inositol 1,4,5-trisphosphate (IP), which in turn directs 
release of Ca** from internal stores. The oscillating amplitudes of [Ca°*], and (Ca°*} are controlled by 
soil Ca?* concentrations and transpiration rates. The phase and period of osilations are likely 


determined by stomatal conductance. Thus, the internal concentration of Ca** 


constantly being actively revised. 


reanisms, fom single-celled 10 multi 
ular, exploit the unigue physical and 
chemical properties ofthe calcium ion 10 

carry out essential biological functions. (Ca?) 
inereases transiently and/or repetitively in re 
sponse to many abiotic and biotic stimuli (3) 
and also displays diumal oscillations in animals 
and plants (4, 3) In plants the resting circadian 
[Ca¥], oscillations occur at the whole-tssue 
level (6), in contrast to those seen in specific 
neurons in animals (4, 7), and are regulated by 
photoperiod and light intensity (¥). This oscilla 
ing feature implies a robust regulatory machinery 
that synchronizes (Ca2"), throughout the plant 
Howe 
sensory receptors and Ca? channels (2, 5, 9. the 
underlying mechanisms for the resting (Ca?) 
and its oscillations remain largely unknown. 
‘We have cloned a receptor for extental C 
(Ca?"9), CAS, ftom Arabidopsis (10). CAS is 
‘expressed in the shoot, localizes to the plasma 
membrane, binds to Ca?*, and mediates C 
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due to the lack of the knowledge of 


plant cells is 


induced [Ca?*}, increases (CIC) in stomatal 
quand cells. We have generated CAS antisense 
Hines (CASas) and shown that its mRNA and 
protein levels are reduced and that CICT is 
abolished (/0). Identification of CAS and. ge 
netic manipulation ofits activity may provide a 
powerful tool to dissect the mechanisms con- 
trolling (Ca°*}, oscillations We hypothesized 
not only that Ca", serves as a signal triggering 
[Ca*] increases, but also that Ca?"y and CAS. 
control the resting (Ca. To test this hypothesis, 
we measured the resting (Ca? using aequorin 
bioluminescence-based Ca?” imaging (6, 8, 10) 
and found that the resting [Ca?"], was lower in 
as than in wil-type plants (Fie. 1A). 

asked whether [Cs 

tions were affected in CASas. Biological ose 
lations can be described by three parameters 
amplitude, phase, and period (12). Quantita- 
tive analysis of leaf acquorin tun 
showed that the amplitudes of [Ca 
lations were reduced in C2tSas throughout a long 
day (Fig. 1B: P< 0001), The average resting 
[Ge"], and absolute amplitude (peak — twough) 
were reduced by 460 = 2.3% and $0.2 = 3 
(P< 0.001), respectively. However, the phase 
and periog were not ahtered in CASas (P > 0.1), 
indicating that CAS is required for maintaining 
appropeiate oscillating amplitudes. Similar re 
sults were seen in three C4Sus lines, CASas! to 
CASas3 (10), 


The reduced luminescence in CASas was not 
due 10 low abundance of cytosolic acquorin, 
Acquorin-expressing CASas Hines W 
from a cross between CASas and a wiktype line 
camying the 358:aaquorin construct. The stabil- 
ity of aequorin expression in wikltype plants 
‘was confirmed for eight generations. The CA 
and wiklAtype lines had similar aequorin prot 
levels (fig. SIA), which remained stable through- 
cout a tong day (fig. S1B). Finally, the maximum 
ninescence was id 


[Ca"|y is regutated. Ca” is dissolved in water 
in the apoplast (extracellular spaces) and trans- 
ported primarily fiom the wot 10 the shoot 
through the transpiration steam (13, 14). The 
transpiration rate is govemed by stomatal con 
dductance, which displays. diumal oscillations 
(15), We reasoned that [Ci], is synchronized 
to Somatal-conductance oscillations, and [Ca?* |, 
‘oillatons are perceived by CAS and converted 
imo [Ca?") oscillations. Thus, the soil Ca’ 
signaling cascade would be as follows 
Ca" Ca uptake and tr 
escillations + CAS — (Ca?*], oscillations. 
‘To test this hypothesis, we analyzed whether 
media Ca affects {Ca}, In wikltype plants, 
[Ca], was elevated with increases in media CaP", 
‘whereas in CASas this rapronse was reduced (Fig, 
IC; P= 0001). We manitonal [Ca oscillations 
in plants wrown under physiological (1 mM) and 
evated! G0 mM) CaP* concentrations. The over- 
all amplitudes of [Ca?*), were elevated in both 
‘wild-type and CASas plants with inereases in 
media Ca?*, but much more so in the wild type, 
although the phases were not altered (Fig, 1D). 
‘We assessed how media Ca?” regulates [Ca], 
and whether [Ca?*Jy oscillates. We monitored 
{Ca™ |, directly by expressing aequorin in the 
apoplast as described previously (/6), We found 
that [Ca®*], also displayed diumal oscillations, 
lar in wild4ype and CASax plants 
(CaP*, increased with increases in 
and both genotypes showed virtually 
identical responses (Fig. 2B), To ensure equiv- 
lent activity of apoplastic acquorin in both weno- 
types. we measured extracellular aequorin under 
conditions similar to those for eytosolie aequorin 
(27). The acquorin protein abundance was sim- 
ilar in wild-type and CASas plants (fig. S2). 
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Fig. 1. Media Ca** and CAS control 
diurnal [Ca?*} oscillations. Blue, 


red, CASas. (A) Imaging the resting : 
[ca**] in Arabidopsis wild-type (Ww?) EY Oe 
and CAS antisense (CASa5). The 


bright fight-ield and aequorin tumi- 
nescence images were taken at 8 
hours after dawn from plants grown 
‘on 4 MS media under long-day 
conditions. (B) [Ca?*), oscillations in 
leaves. The aequorin luminescence 
images were taken from plants as in 
(A) every 3 hours starting from dawn. 
The luminescence was normalized to 
that discharged with excessive Ca**, 
and the maximum value was arbitrar- 
ily set to 1. The white and black bars 
represent objective light on and off, 
respectively, ru, relative unit. Data 
from five separate experiments. are 
shown [mean + SD; n = 150 plants; 
two-way analysis of variance (ANOVA), 
P< 0,001]. (C) The effect of media 


[C9 (oequorin, 4) 


001.01 + 
Media [C22 (Mt) 


1 10 100 fi [RET | 


Ca?* on [Ca**},, Plants were grown on agar media containing varied [Ca**] under long-day conditions, 
for 2 to 3 weeks. Aequorin luminescence images were taken as in (B). Data from three experiments 


‘are shown (mean + SD; 
‘grown in 1 mt (soli 
P< 0.001). 


Finally, we detemnined whether stomstal- 
‘conductance oscillations are correlated with C 
Wd transport, (Ca, oscillations, ant 
mis. As expected, the stomatal 
‘conductance of wikl-type plants was high in the 
day and fow at night (Fig. 2C), We also found 
that wikk-type and CASas plants displayed sim- 
ilar diumal oscillations in “Ca uptake and tans: 
port (Fig, 2D), These experiments. confinnad 
previous reports that Ca?" uptake and transport 
to aves are controlled mainly by transpiration 
that is regulated by stomatal conductance (73, 14 
The shoot Ca content of seedlings grown at var= 
ious concentrations of media Ca” was simitar 
between wiklAype and CASas plants (Fi 
Thus, the reduced [Ca?*], oscillations in C:ASus 
were due not to reduced Ca eontent, but rather to 
a defect in Ca®"y sensing. 

It appears that the phases and periods of 

n son 

{Ca**],, and [C 


lations, but not Ca uptake or [CaP*}, oscillations 
Magia Ca concentration regulates the oscillat- 
ing amplitudes of both [Ca*", andl [CaP], In 
adkltion, the expression patiems of CAS, notice 
ably in mesophyll cells and vascular tissues in the 
shoot (Fig. 2F), fit well with the route of Ca* 
transport and distribution inthe shoot (17), 
supporting the function proposed for CAS. 
Next we asked how CAS couples (Ca?*] 
with [Ca?*],, ie, whether CAS mediates C 
influx or release from intemal stores. In animals, 
although diumal (Ca**], oscillations at the whole 
tissue level have not been observed (4, 7), fast 
{Ca?*|, spiking at the cellular level has been well 
studied (J), Estemal signals are perceived by cell 


= 120 plants; two-way ANOVA, P < 0.001). (D) [Ca**|, oscillations in plants 
lines) oF 30 mM Ca** (triangles) (mean + SD; 


120 plants; two-way ANOVA, 


surface ooeptors, which acti 
(PLC, inereasing inositol 14.S-tnisphosphate (IPs) 
concentration. IP, activa IP, receptors (IP,Rs) 
the endoplasmic reticulum (ER), resulting 
?* ions are reabsorbed by the 
4 ecilltions. In pants, al- 
wh cellsurface receptors and IPRS are un- 
knonwn (78) itis possible that CAS might serve as 
receptor trigucring Cat rekase. To explore this 
Possibility, we investigated the fimction of CAS in 
CICTin a heterologous system as well asin planta. 

CAS confers CICT in human embryonic kid- 
ney 293 (IHEK293) cells (/0), We observed that 
the CAS-green fluorescent protein (GFP) was 
Jocatized in the vicinity of the plasma membra 
in HEK293 cells (Fig. 3A), consistent with the 
subcellular localization in plants (/0). We found 
"a" triggered IPs production in CAS- 
expressing HEK293 cells (Fig. 3B). The PLC 
blockar, neomycin and U-73122, inhibited CICI 
(Fig, 3C). These results indicate that CAS can 
function as a receptor in the IPs pathway in 
HEK293 oclls. 

Next, we assessed whether CAS alo serves as 
a receptor in the putative IPs pathway in Arabi 
is. In plants, some of the components seen 
imal IP pathways have bom identified 
(U7, 18). For instance, increases in IP have been 
detected in response to several stimuli, which en- 
hance the activities of PLCS Highaflinity IP 
binding sites in internal membranes hue been de- 
tected, though itis not clear whether plants have 
IP\Rs IP, can abo tigger Ca? release from inter- 
nal stores. Nonathokss. the molecular nature of cor 
responding cell-surface rooeptors remains obscure. 

We found that neomycin abolished CICT in 
Arabidopsis guard cells (Fig. 3D). Similarly, we 


te phospholipase C 


104, (never, 141) 


rere 


soueaneontan? ‘Soman consrctmnce 


ty camoUs | \ 
Fig. 2. Media Ca?* and stomatal conductance 
control diumal (Ga? oscillations. Blue, WT; red, 
Sos. (A) [Ca°*], oxcillations in leaves. The 
luminescence images were taken every 3. hours, 
starting at dawn from plants expressing apoplastic 
‘aequorin grown on %_ MS, The luminescence was 
‘normalized to that discharged with excessive Ca°*, 
and the maximum value was set to 1. Data from 
three separate experiments are shown (mean +S; 
‘n= 75 plants; two-way ANOVA, P > 0.5), (B) The 
tect of media G* on the resting [Cal 
Luminescence images were taken asin Fig. 1C. The 
ther conditions were the same as in (\). Data are 
shown as the mean + SD (7 = 75 plants; two-way 
ANOVA, P > 0.5). (©) WT plants were grown in soil 
for 3 weeks under long-day conditions, and 
stomatal conductance was monitored (mean + 
SEM; n = 3). (D) *°Ca uptake measured over a long 
day. “Ca was added to the growth solution at 
dawn. Shoots were collected every 2 hours for 2 
days, and Ca radioactivity was measured (27). 
The data for the second day are shown. cprrvem*, 
counts per minutefeat area (cm). (E) The effect of 
media Ca?* on the shoot Ca content in plants 
grown under conditions as in Fig. 1C. mg/g DW, 
milligrams Ca per gram dry weight (mean + SD; 2 = 
15 to 25 plants; two-way ANOVA, P > 0.5). (F) The 
analysis of CAS promoter:GUS reporter (17). 


observed CICL in mesophyll cells and also de- 
tected CICT in intact leaves using aequorin imay- 
ing, which suggests that CICT occurs in. cells 
ther than guard cells and at the whole-laf level 
To analyze further whether IP participates in 
CICI, we measured the IPs content of leaves. 
Gag induced IPs generation (Fig, 3: P< 001), 
and neomycin eliminated the IPs production 
(Fig, 3F: P > 0.5), Together, these results sug- 
gest that CaP", may evoke the IP3 pathway in 
Arabidopsis. 
To verify C 
carried out sing 


induced 1P3 production, we 
ll imaging of IPs, The com- 
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Fig. 3. CAS is a cell-surface receptor in the IPs pathway. (A) AL 
Plasma membrane localization of CAS in HEK293 cells expressing 
{2 CAS-GFP construc (upper) with GFP as a control (lowes), Sale 
bar, 5 um. (B) The effect of Ca"*, on IP3 generation in HEK293 
cells expressing CAS (red). The contol (blue) was cls transfected 
with empty vector. Cells were bathed in 0.1 mit Ca? before 
addition of 2.5 mM Ca®* and harvested at the times indicated. 
The 1P3 content was determined by [°HIIPs radioreceptor assay 
(17) (mean + SEM: n = 6). (©) Inhibition of CICI by PLC blockers 
in HEK293 cells expressing CAS. Cells were incubated with 
0.1 mM Ca** without (white circles) of with 100 jM neomycin 
(black circles) or U-73122 (black squares) before Ca** 
stimulation, Ca®* at 2.5 mM was added at the time indicated 
(arrow), and [Ca**], was monitored by Fura-2 imaging (17). (D) 
Inhibition of CICK by neomycin in guard cls. Epidermal peels 
carrying the Ca*-indcator cameleon were incubated in solution 
containing 50 Mt Ca** for 2 hours, and then treated with 
2.5 mM Ca** (10). Neomycin (100 jh) was added 15 min 


IPs (pmol/10* cells) o 


4 2 


(ca) (3407380) 


tae 


Thin 


oe 


ALCO} (Fea/Faas) F 


betore addition of Ca**. [Ca®*] is shown as changes in emission 
fluorescence ratios (A[Ca*]i;n = 15 cells; P< 0.001). (E) Ca°*s 
induces 1P5 generation in Arabidopsis leaves. Leaves were 
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30 60 90 
Time (sec) 


120 Control Neomycin 


incubated in the solution containing 50 uM Ca°* for 2 hours, then transferred to the same solution (white circles) or the solution containing 10 mM Ca** (black 


circles) and harvested at the times indicated. 1Ps was determined by [’H)IPs assay (mean + SEM; 
leaves, The samples were collected before addition of Ca®* (white bars) or 60 safter addition of 10 mat Ca?* 


before Ca** stimulation (mean + SEM; n = 6). pmol/gFW, picomole per gram fresh weight. 
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Fig, 4. CAS is required for the Ca°*,-evoked IP pathway. (A and B) Ca" 


induced 1P3 production in 
aye WT guard cells, The leaf epidermis was incubated with 50 sM Ca? and treated with 10 mM Ca°*. 

 Wiggered PHcs-GFP translocation from the plasma membrane (blue) to the cytosol (red). The 
mage in (B) correspond to before (2) and after (@) Ca** stimulation in (A). (©) IP content in WT and 
‘CASas \eaves with (black bars) and without (white bars) addition of 10 mf Ca: (mean + SEM; 
P< 0.02 for WT; P > 0.5 for CASas1 and CASa32).(D and E) Defect in Ca®*,-induced IPs generation 
in CASas guard cells. The CASas line expressing PHpcirGFP was generated from a cross between 
‘CASas and the wild-type PHpucs-GFP line, as in (A). (F) Increases in PHaycs-GFP fluorescence in the 
cytosol with addition of Ca"* were analyzed from experiments as in (A) and (D). Thirty-eight out of 
133 guard cells (28.6%) for the wild type (A) and 4 out of 76 (5.3%) for CASas (E) showed increases. 
Data are shown as the mean + SEM (P < 0,001). Seale bars, 5 jim. 


monly used biosensor for IP3 is the PLCS1 out 
pleckstrin homology domain fused to GFP 
(Plpice-GFP), which binds phosphatidyinosiol- 


4.S-bisphosphate (PIP2) and IPs (9, 20). With 


mulation, Ppycs-GEP is located mainly at 
the plasma membrane, whereas upon PIP hy- 
deolysis and formation of IPs, Pllpics-GEP 
binds to IPs, dissociates from the membrane, 


). F) Neomycin inhibits Ca induced IP, generation in 
(black bars). Neomycin (100 jxM) was added 15 min 


ind transl 1. Thi 
tion ean be used asan indicator of IP (21-23), 
We generated Arabidopsis lines. expressing 
888:PHyyesGFP and observed that PHexcs- 
GEP was localized primarily to the plassn 
brane (fig. $3). Ca?” triggered a reduction of 
Plipucs GFP Muorescence in the phasma mem- 
trrane but an elevation in the eytosol (Fig. 4, A 
‘and B), indicating an inerease in IP concentration, 
To substantiate whether CAS. is involved 

the IPs pathway, we analyzed! Ca? g-induced IP 
production in CSus. Both biochemical and 
single-cell imaging analyses showed that CASas 
Was impaired in Ca?* induced IP production 
(Fig. 4, C to F). These results suggest that CAS 
smay actas.areeeptorin the IP, pathway, although 
CAS differs from its animal counterparts, the G 
protein-coupled receptors and receptor tyrosine 
kinases (J, 17). Note that, because plant PLCs 
contain Ca? binding motifs, and are activated by 
Gx (24), it is also possible that PLCs are 
activated by sti cod [CaP], increase 
ratherthan by cell-surface revepiors, Characteriza- 
tion of the relation between CAS and PLCs will 
ow us to address this possi 
We have revealed that {Ca}, oscillations are 
coupled to the [CaP], oscillations-CAS-1Py 
pathway. Our data, together with previous stu- 
dics, may explain how (Ca?) oscilla 
determined: the amplitude by the soil Ca 
and stomatal conductance, and the phase and 
period largely by stomatal-conductance oscil 
tions. We can simulate [Ca oscillations using 
a schematic model (fig. $4). First, CAS and a 
Ca influy etannel, sueh as guard cell ICa (25), 
Jy and convert it into Ca?) 

Jp oscillates. The [CaP], is deter 
mined by two opposite processes: supplying fresh 
Ge to the apoplas and sequestrating it into 
stores. For the sequestration, fresh Ca?* ions bind 


ates to the cyto» transloca: 


level 


sto 
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to newly synthesized cellvall components, fom 
Ca oxalate, oF move into intemal sores (13. 14). 
Most sequestrated Ca ions become immobile, 
and thus continuous Ca* supplies re nee and 
likely to be the regulate step. Third, the stomatal- 
conluctance oscillations are regulated by photo- 
period and the clock (15). Finally, soil Ca?” is 
the primary souree controling the amplitudes of 
(Ca?) oscillations. Our findings may also re- 
vise farther the concept of resting Ca"), in 
plants, The constant remodeling includes oscil- 
Jations at the basal concentration of ~0.1 uM 


transpiration-mediated 
nd transport synchronize the 
resting (Ca?) throughout the plant. Because the 
transpiration rate is regulated by: numerous fic 
tors (26) and because soil Ca?” levels ean fue: 
‘wate throughout the year in nature (27), this soil 

5 1y may be physiologically 


References and Notes 

1 ML}. Beside, M. 0. Bootman, MH. L.Raderck, Not Rex 
Mol el Biol. 4, 517 (2003). 

2 A.M. Hetherington, C. Brownlee, Ann. fev. Plant Bol. 
58, 401 (2004) 


3. H. knight. MR right, Trends Plant Sc. 6, 262 
‘oon 

4 C5. Clue, Eur J Newosc. 12, $71 2000). 

‘5. A.M Dodd, j. love, A A Web, Tends Plant So 30, 15 
‘205. 

6 CM. bnson eo, Science 269, 1863 (1995). 

7, M theda ef ob, Neuron 38, 253 (2003). 

Lowe, AN. Oo A.A Weta, Pan Cll 16, 956 
‘2009 

9. D. Sanders, } Fellows, Brownlee, JF. Harper, Plant 
al 14,5401 (2002) 

10. San, , Tang. LK Andenon, 1. €. Woemes, 2M. Pel, 
‘Notre 425, 196 2003). 

[MLR Knight AK. Campbell SL Seith, A} Trewavas, 

‘Notre 352, 528 (991). 

CR McClung, Pont Cell 18, 792 (2006) 

.. Hepler, Pont Cell 17, 2142 (2008) 

P. |. White, MR. Broadley, Aan, Bot. London) 92, 487, 

2003). 

ALAR Webb, Now Phytol 160, 281 (2003). 

1. Gao, MR Knight, A. J Wremavas, 8 Satelmacher, 

C Plath, Pont Phys. 134, 898 2008). 

17, Materials and methods are aaiable as supporting 
‘material on Science Oe 

BH. 1.6. Mies, TMi, Annu. Re, Plnt Bio. $4, 265 
(203). 

19. TP. State, S. Abn T. Meyer, Cur. Biol. 8, 343, 
0958), 

20, P Vara, Balla, J. Cel Biol 143, 501 (1998), 
rose, 5. Kadona M, Tanabe, M Takesbima, Mino, 

Science 284, 1527 999. 

22, MS. Nash KW. Young. RA. Challis, 5. RNahersi, 
‘Nowe 413, 381 Q002). 


n 
2 
B. 
« 


1. 
ir 


23. P.) Banlet KW. Young, SR. Naborski, R.A. Challis, 
J. Bil. Chem. 280, 21837 (2005) 

24. B Mueler Reber, C. Pal, Plont Physiol. 130, 22 
(2002), 

25, Zl Pelt ol, Nature 406, 731 (2000), 

26, J Schroeder, | M.Knak GJ Allen, Notre 410,327 
on), 

27. SB Melaughlin,R. Wimmer, New Phytol. 142, 373 
(1999), 

28, We tank E Johannes and W, Allen fr PicGFP 
analysis; M. Knight and C. Piet for aequoi-expresing 
Seed ad veces Mio forthe PHncrGFP clone; 
‘A. Webb, M. Knight, C Plt, and C. Jonson for advice 
‘concerning aequosn imaging; O, Hu for ANOVA analyses, 
tin and X. Yu for discusions and J. Siedow, Tp. Sun, 
. Beney, and X Dong for supparing Chemo ster 
2d reading the manuscript RH. was supported by a 
arg feonsin, 1 by Xiamen Unversity (NCETXMU) 
‘nd the Chinese Scholar Coun, and CC by the 
Aodeew Malin Foundation. This work was supported by 

US. Deparment 
and by a 

Zhu Chongsh Presidential Avard from Xiamen Universty 

(to 2-MP). 


Supporting Online Materiat 
ow ciencemag.oriecomtentfull3155817/1423/0C1 
Matents and Methods 

SOM Test 

Figs 51 to 54 

eltences 

29 Aogust 2006; accepted 5 February 2007 
20:1126/cience, 1134887 


Odor Cues During Slow-Wave 
Sleep Prompt Declarative 
Memory Consolidation 


Bjdrn Rasch,’* Christian Biichel,? Steffen Gais,* Jan Born?* 


Sleep facilitates memory consolidation, A widely held model assumes that this is because newly 
‘encoded memories undergo covert reactivation during sleep. We cued new memories in humans 
during sleep by presenting an odor that had been presented as context during prior learning, and 
‘0 showed that reactivation indeed causes memory consolidation during sleep. Re-exposure 

to the odor during slow-wave sleep (SWS) improved the retention of hippocampus-dependent 
declarative memories but not of hippocampus-independent procedural memories. Odor re-exposure 
‘was ineffective during rapid eye movement sleep or wakefulness or when the odor had been omitted 
«during prior learning. Concurring with these findings, functional magnetic resonance imaging 
revealed significant hippocampal activation in response to odor re-exposure during SWS. 


Jeep facilitates the consolidation of newly 
G Sistine Bete sto 

(1-3), The prevailing model assumes that 
this consolidation relies on a covert reactivation 
Of the novel neuronal memory representations 
during sleep after leaming (3-6), In rats, hippo- 
‘campal neuronal assemblies implicated in the 
‘encoding of spatial information during maze 


Department of Newroendoarinolagy, University of Libeck, 
Ratzeburger Alee 160/233, 23538 Libeck, Germany. 
“Neuroimage Notd, Department of Systems Neuroscience, 
University Medical Center Hambur-Eppendor, Marinas 
52, 20246 Hamburg, Germany. 
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Jeaming are reactivated in the same temporal 
conker during slow-wave sleep (SWS) as during 


previous Ieaming (7, 8). The consolidation of 


hippocampus-dkependent memories benefits par- 
ticularly from SWS (9-17), and reactivation of 
the hippocampus in SWS after spatial keaming 
has also been seen in humans observed. with 
positron emission tomography (2). However, 
none of these studies experimentally manipulated 
memory reactivation during skep. Therefore, 
its causal role in memory consolidation is still 
unproven. 

We used an odor to reactivate memories in 
humans during sleep, because odors are well 
known for their high potency as contextual 
retrieval cues not only for autobiographic mem- 


‘ies, as delicately described in Marcel Proust’s 
Remembrance of Things Past, but also for varie 
‘ous other types of memory, including visuo- 
spatial memories (13, 14), Notably, in the brain, 
Primary olfactory processing areas bypassing the 
thalamus project directly to higher-order regions, 
including the hippocampus (15), which enable 
them to modulate hippocampus-dependent de 
larative memories (76). The use of alfietory 
stimuli for cueing memories during sleep is par= 

ularly advantageous because odors, in contrast 
to other stimuli, can be presented without dis- 
turbing ongoing sleep (/7). 

To establish a robust association between 
Jeaming stimuli and a smell, we applied a purely 
olfactory stimullas (the smell of a rose) (18) re 
petitively while voluntcers (1 ~ 18) leamed object 
Focations in a two-dimensional QD) object- 
Jocation memory task in the evening before sleep. 
During the first two periods of subsequent SWS, 
the odor was presented again (in an akernating 
30s 0030 s off mode). In a control condition, 
axlorless vehicle was delivered, The object- 
Jocation task required visually leaming the loca- 
tions of 15 card pais on a computer screen 10 a 
criterion of 60% comet responses (Fig. 1A). The 
task is sensitive to the memory-improving effect of 
sleep (/8) and involves hippocampal function (/9), 

‘At retrieval testing afl sleep, memory of the 
card locations was distinctly enhanced when the 
odor had been presented during SWS as com- 
pared to presentation of the vehicle alone. After 
the odor night, participants remembered 97.2 
4.1% of the card pairs they had learned before 
sleep, but they remembered only 83.8 = 3.8% 
after the vehicle night (P = 0.001; Fig, 2A, 
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Fig. 1. (A) Volunteessleamed ay , 2 
visuospatial 2D _object-ocation Learning Retrieval 
task (and a procedural finger- 
tapping task, not illustrated) be- 
tween 2130 and 22:30 hours & 9 
(Learning). The odor was admin- be 
istered time-locked to the learn- 
ing stimuli. During subsequent i Pali 
sleep (lights off at 23.00 hours, eanenn) .-| eoeoao 
awakening at 630 hours), the GG+a58 ae} | a] ea2boa 
same odor (versus vehicle) was ooo00o 2 eaeaaa 
delivered during the first two Gaoeao) = GOo6b8a 
periods of SWS in an alternating Goose) «- |i Beceea 
30.5 07/30 s off mode (to prevent 
habituation), Stimulation started nm Meo we oy 7 
with the first occurrence of SWS 
bi was henge Lge the B 

“p stage changed. Retrieval it i 
cla cee ta Learning Sleep Retrieval 
7.30 hours in the absence of odor 
(18).(B) Experiments and Wwere Exp. | on use| oe moon 
identical except that in experi- 
ment |, the odor was presented at Exp. I Ne Oor ee — No Oe 
learning and again contingent = 
upon SWS, whereas in experiment Exp. Ill om | = a Pam 
I, the odor was not presented at 
learning, In experiment Ml, the Exp. IV. ‘Coe a ~~ ‘No Oar 


‘odor was presented at learning 
‘and again during post-earning 
REM sleep. In experiment IV, the odor was presented at earning, but post-learning reexposure took place while participants were awake. Experiments were conducted 
according to a double-blind crossover design, 


A ep. ep. ep. ep. experiment 1. No difference in initial learning 
tor uring or oaty sor suring dor during performance between conditions was observed 
fearing and SWS, ring Ss seaming and REM foaming and waking (7? > (14: table SI), There was no awareness of the 

* * * * ‘ctumal exior treatment in the morning after 


| sleep (P > 0,6), Odor cucing. affected neither 
100) 109 bad 10 sleep architecture (table $2) nor electroenceph- 


{ alogram spectral power in comparisons of odor 
H con and off perinals (P> 0.1) (73, 
i 20 * * ” We also tested volunteers on a procedural 
- 
sor 


tapping) that does 


memory task (Finger seq 

‘not require hippocampal function but is likewise 
| | * Lag | sensitive to the enhancing effect of sleep (20), 
- - I 
Or Om Ome 


sand accurately as possible for 12:30-s periods 


Bie ¥ se a while the odor was applied. At retrieval testing 
fcr sleep tapping speed was improved aftr the 

120 | n0 120 120 presentation of both odor and. vehicle 
s | I performance on the objcet-location task, sleep- 
0 | mo | Le 110 110 associated gains in tapping skill were not 
changed by re-exposing the participants t0 the 
xr during slep after taining (P > 0,7; Fig, 2B 

100 | oo {| | 100 and table $3). 

| = | oft a Our results support the hypothesis that once 
‘wie Ooo nce Ose vce Oar verse Oe an odor has become associated as the context of 


Fig. 2. Retention performance on the visuospatial 2D objeclocation task (upper panels) and the — Keumed object locations, reapplication ofthe odor 
procedural finger sequence tapping task (omer panes) is shown for four different experiments, each during subsequent SWS acts asa context cue that 
‘comparing the effects of stimulation with odor and vehicle. (A) Only when memory was cued by the ‘activates the new memories and thereby boosts 
context odor during SWS (experiment 1) was declarative memory of card locations enhanced. The their consolidation. Howev' an be angued 
interaction contrast between experiment 1 and all other experiments was significant (P = 0.01). (B) that odor presentation dun 
Overnight gains in procedural finger-tapping speed were not affected by odor cueing. Memory 
performance on both tasks is calculated as percentage of retrieval performance, with performance at mcmories that was independent of any previously 
learning before sleep set to 100%, Means = SEM are shown. *™"P = 0.001. formed association between odor and learn 
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Fig. 3. (A) Procedure. The odor 
was presented during learning and 
again during post-learning SWS, or 
at a corresponding time after tea- 


jing (45. min) while participants 
were awake, (B) {MRI scans were 


obtained every 5.61 5 during re- 
‘exposure to the odor presented, as 
in the behavioral studies, in an 
alternating 30 5 07/30 5 off pattern. 
(© Retrieval tested after (MRI 
scanning revealed better retention 
‘on the 2D object-iocation task when 
participants had stept (for 55.0 = 
4.9 min) than after the correspond- 
ing wake interval (*P < 0.05, one- 
tailed tes), Note that the shorter 
retention interval (2 hours) renders 
the comparison of performance with 
‘experiments | to IV difficut. (D) 
Brain activation in response to odor 
presentation during SWS (wreshold 
set at P < 0.005 uncorrected; super- 
imposed on the average structural 
MRI of all volunteers. BOLD re- 
sponses to odor-on periods indicate 
activation in the left anterior hippo- 
‘campus (eft panels) and in the left 
posterior hippocampus right panels). 
(B) Parameter estimates (regression 
coefficients with arbitrary units) for 
waking and SWS conditions, at the 


‘Oor on" 
Oder "oth 


Waning SWS 


02 02 
om] 
8 os 

on 
8 
s 

° ° 

wane wang 58 


coordinates of local maxima observed during SWS in the left anterior (left paneD and left posterior (ight pane hippocampus. Means + SEM are indkated, *“P < 0.01. 


Table 1. Bi 


in regions showing significant activity during odor-on periods. Based on a priori 


hypotheses, significances are corrected for small volumes of interest (SVCs) covering the left (L) 
and right hippocampus. Results of an exploratory whole brain analysis with a threshold set at P< 
0,001 (minimal voxel size k = 3) are also indicated where applicable. Post-hoc comparisons 
between SWS and waking were restricted to the left hippocampus. No significant activations were 
observed for waking > SWS x on > off, MNI, Montreal Neurological Institute. 


MMNI coordinates (mm) 


x y z Z score P 
SWS; on > off 
{anterior hippocampus =18 as -18 359 <0.0554¢ 
. posterior hippocampus 30 36 3 339 <0.05 54 
inferior frontal gyrus 24 33 9 3.24 <0.001 
Waking; on > off 
. anterior hippocampus 3 =2 18 339 <Dsye 
‘SWS > waking x on > off 
. posterior hippocampus 3 =38 3 332 <0.05¢ 
L anterior hippocampus =18 9 -15 3.03, <0.0554¢ 


stimuli This possibility was examined in a control 
‘experiment (experiment Il, r= 17 participants) 
using a design and procedures identical to those 
‘of the main experiment, with the only exception 
being that no odor was presented during keaming 
belore sleep. In contrast to odor that had been 
linked to the learning stimuli (experiment 1, odor 
presentation during SWS alone proved inetiee- 
tive in enhancing memory. The percentage of re- 
called locations was 82.9 = $.7% in the odor 
condition and 85.9 = 3.9% aller vehicle presen- 
tation (P> 0.6; Fig. 2A and table SI), Restricting 


‘odor presentation to post-Keamning sleep also did 
not affect finger-tapping skill (P > 04; Fig. 2B 
and table $3) 

Is the effect of odor cucing on object-ocation 
memory specific to SWS? In a third experiment 
experiment Ill = 17 participants), we tested 
the effect of odorstimulated memory reactiva- 
tion during rapid eye movement (REM) sleep, 
Which predominates during late noctumal skeep 
(9). Experimental procedures (including the dura- 
tion of odor stimulation: table $4) were again the 
‘Same as in the main experiment, except that the 


timing of odor re-expostire Was shifted 10 the frst 
two periods of REM seep occurring after 3 hours 
‘of sleep. Despite prior coupling of the odor to the 
Jeamed stimuli, odor re-exposure during post- 
Jeaming REM sleep failed to affeet the memo 
‘of car locations (88.3 = 4.4% versus 89.5 
after vehicle presentation; P > O8; Fig, 2A and 
table SI). Ovemight gains in finger tapping skill 
did not dir between conditions either (P > 0-4; 
Fig, 28 and table $3), The lack of odors 
memory effects during REM sleep is unlikely to 
be ascribed to the longer time between acquisi- 
tion and re-exposure, because experimental odors 
remain effective retrieval cues for days (13. 14), 
‘Also, iteannot result fiom reduced olfactory pro 
cessing, because sensitivity to olfactory stil is 
enhanced during REM sleep ats compared with 
SWS (/7). Whether the memory-enhancin 
feet of odor cueing extends to lighter Forms of non 
™M sleep (stage 2 sleep) remains to be teste. 
The failure of REM sleep-contingent odor 
mulation to enhance procedural memory for 
finger-tapping skill might be unexpected, because 
previous findings indicated a reactivation of 
skill memories during posteaming REM sk 
as well as REM sleep- related bene! 
his type of memory (2, 9 23). However, 
litle evidence that procedural skills can 
be effectively conditioned to context cues such as 
‘odors (/4), and olfactory processing areas may 
not have the sime immediate access to the struc 
tures subserving skills (the motor cortex, striatum, 
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cerebellum, ete,) a they have to hippocampal 
structures (24), Therefore, the sleep-associated 
administration of odor stimuli scems to be an ap 
‘proach suitable only for reactivating hippocampus: 
dependent memories. 

We also tested whether odor re-exposure 
depends on application during sleep or whether 
the same memory consolidation effect could be 
also observed during wakefulness (experiment 
1V, = 18 panicipants), as suggested by previous 
studies (25, 26). Re-expasure to odor (versus 
Yehicle) took place during a 1-hour interval start- 
ing 48 min afler keaming, while panicipants per- 
formed a vigilance task (Fig, 1B). Therealler, 
panicipants. slept normally and retrieval was 
tested the next moming, Unlike SWS-contingent 
‘odor presentation, odor re-exposure during wake~ 
fulness did not affect the retention of visuospatial 
memories (83.3 = 4.7% venus 874 © 39% re 
called locations aller vehicle presentation: P > 0.7; 
Fig. 2A and table S1) or tapping skill (P > 0.5: 
Fig, 2B and table S3), 

‘Central to our hypothesis is the notion thatthe 
‘odorinduced reactivations. boosting the con 
solidation of hippocampus-<kpendent declarative 
memories are indeed related t hippocampal 
activity during SWS (5, 6). Consequently, we 
used functional magnetic resonance imaging 
(IMR to examine whether odor cues that were 
previously associated with learning stimuli are 
‘capable of activating the hippocampus daring 
post-kaming SWS (experiment V. in = 12 par- 
ticipants), Odor stimulation was applied, as in 
the main experiment, during leaning and again 
during subsequent SWS or during wakefulness 
(Fig. 3). In the sleep condition, all of these 
participants reached SWS averaging 15.5 
4.1 min 18), As hypothesized, re-exposure tothe 
‘odor cue during SWS activated the hippocam- 
pus (Table 1). Significant blood oxygenation 
Jevel-dependent (BOLD) responses to odor-on 
periods were revealed in the left anterior and 
posterior hippocampus [P small volume 
corrected (Psyc) = 0.08; Fig 3D), A trend for 
activation in the left anterior hippocampus was 
also observed in response to oor stimulation 
presented during wakefulness (Psyc < 0.08), 
Direct comparisons between the waking and 


sleep conditions revealed an even stronger activa- 
tion in response to odor presentation during SWS 
than during wakefulness in both the anterior and 
posterior part of the left hippocampus (Psyc < 
(0.05: Fig, 3E), The data fit well with previous 
findings on brain imaging during wakefulness, 
indicating no oc only short-lived hippocampal 
activation in response to passive smelling of 
«experimental odors (/5, 27), whereas substantial 
activation in the left anterior and posterior 
hippocampus was reported by Herz et af. (28) 
in response to odors (personal perfume) that 
were strongly associated with autobiographic 
episodes. However, it is noteworthy that odor 
‘cues activate the hippocampus during SWS to a 
much greater extent than during wakefulness, 
Beyond showing that memory-associated odors 
have access tothe hippocampus during SWS, this 
‘observation points 1 a particular sensitivity of 
hippocampal networks in this sleep stage to 
stimuli that are capable of reactivation. 

Currently, two diverging concepts are dis- 
cussed regarding how sleep might enhance the 
consolidation of hippocampus-dependent mem 
Oofics, One assumes that enhanced memory is an 
indirect consequence of a global downscaling of 
synsptic connectivity that is induced by slow 
‘oscillatory activity during SWS, which basically 
increases the signal-to-noise ratio for newly 
‘encoxked information (29, 309, The othr concept, 
‘examined here, assumes that memory consoli- 
tion evolves from repeated covert reactivation 
‘of newly encoded hippocampal representations 
during SWS, which takes place ina synchronized 
dialogue between thalamocertical ani! hippocam- 
ppal circuitry and which eventually leads 1 the 
transfer of the representations to neocortical re- 
tions for long-term storage (3, 5). Although our 
results do not exclude processes off synaptic 
downscaling during SWS, they support the later 
concept, indicating that covert reactivations are 
‘causative factor for the consolidation of hippo- 
ccampal memories during sleep. 
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GPC System 


The Viscotek Model 302-050 Tetra Array Detector is an integrated, multi-detector device designed for 
the characterization of natural and synthetic polymers and copolymers, proteins, protein conjugates, 
‘excipients, and other macromolecules. In a single gel permeation chromatography (GPC) experiment, 
the detector provides absolute molecular weight without the assumptions, extrapolations, or correc 
tions required by alternative techniques; molecular size expressed as hydrodynamic radius to less than 
‘Lnm and radius of gyration; intrinsic viscosity or molecular density; and information on structure, con: 
formation, aggregation, branching, and copolymer or conjugate composition, The array consists of a 
differential refractive index detector, an ultraviolet detector, a four-capillary differential viscometer 
detector, and a low-angle light scattering detector. All the detectors reside within a temperature-con: 
twolled compartment that also has space for up to five GPC columns. This arrangement minimizes inter 
detector volumes to reduce band-broadening effects and insures that detectors, inter-detector tubing, 
columns, and sample reside at the same temperature throughout the course of the analysis. 
Viscotek For information 800-375-5966 wn viscotek com 


Surface Plasmon 

Resonance Instrument 

SensiQ is a dual-channel, semi-automated sur 
face plasmon resonance (SPR) system with 
innovative hardware and software tools 
designed to bring biomolecular interaction 
analysis to labs of all sizes. The instrument fea 
tures advanced microfluidics, proven surface 
attachment methodologies, and state-of-the: 
art data analysis tools to provide kinetic, afin 
ity, and concentration data. Control and data 
handling wizards are designed to ensure easy 
operation through the entire experimental 
process. SPR has proved to be an invaluable 
tool for scientists involved in characterizing 
biomotecutar interactions for a wide range of 
research activities such as antibody selection 
and screening, drug discovery, ligand fishing, 
binding specificity, and gene regulation. 
Researchers who have been dependent on core 
facilities and centralized labs for access to SPR 
technology can now perform binding interac 
tions in real time and obtain high quality affin 
ity and kinetic data in their labs. 

Nomadics, ICx Technologies For information 
405-372-9535 waw.nomadics.com 


Integration and Retrieval System 

Version 5.6 of the BioRS Integration and 
Retrieval System for retrieving and using results 
from biological and biomedical databases, 
expands the system's already robust functional- 
ity with enhanced performance, including 
‘options for taking advantage of relational struc: 
ture that allow working groups to keep up with 
innovations in data management. The user- 
friendly graphical interface provides optimized 
tools for convenient selection and administration 
of databases as well as specification of queries. 
Improvements have been made for query result 


display and subsequent use of results. The Bio- 
‘max Database Update Tool is available for spec 

fying and performing automatic database 
upload and processing to ensure that users work 
with the most up-to-date information. The sys 

tem provides a sophisticated and easy-to-use 
system for searching and integrating heteroge- 

‘neous public and proprietary databases in flat 

file and relational formats. Researchers can 
quickly search multiple databases simultane. 

ously using convenient web interfaces. The sys 

tem ensures security within a distributed envi 

ronment, allowing safe data sharing between 
members of a large working group using data 

banks integrated at multiple locations. 

Biomax Informatics For information 

+49 89 895574-0 wen.biomaxcom 


Protein Fractionation 

Using Ultrafiltration 

Anew protocol offers efficient compartmentaliz: 

ing of protein solutions using ultrafiltration in a 
centrifugal mode. Traditional fractionation tech 

niques make use of size-exclusion chromatogra 

phy, which is laborious and time-intensive. The 
‘new method offers greater speed and efficiency 
because Amicon Ultra centrifugal devices enable 
researchers to fractionate protein mixtures 
Quickly and easily. The bi-vertical housing limits 
membrane polarization, while the hydrophilic 
microstructure of the low-binding Ultracet ultra 

filtration membrane enables efficient protein 
separation. This method expedites the fractiona- 
tion process by minimizing steps such as setting 
up columns, optimizing column flow rates, and 
collecting and concentrating various fractions. 
Fractionation is a process for separating a mois: 

ture into its component parts to eliminate the 
complexity of the proteome. Common applica 
tions include biomarker analysis from serum, 


protein purification, two dimensional-potyacry 
lamide get electrophoresis, and sample prepara 
tion for mass spectrometry analysis, 

Millipore For information 

978-762-5294 woe milliporecom 


Programmable Peristaltic Pump 
The Dose It programmable peristaltic pump is, 
designed to make the dispensing of culture 
‘media, buffers, and other solutions easy and 
efficient. Simple programming and straightfor: 
ward operation make the pump suitable for lab 
oratories where several different dispensing 
protocols are frequently used. The pump head 
accommodates different tubing sizes (1mm to 
8 mm), so the dispensed volume can range 
{from 0.1 ml to several liters. Typical applica 
tions include filling tubes with liquid broth, 
pouring to agar plates, filling bottles with 
buffers, and aliquotting stock solutions. The 
flow rate can be doubled by using a second 
pump head, a modification that also reduces 
flow pulsation. The compact design allows it to 
bbe moved and used virtually anywhere, and its 
versatility reduces the need to have several sin 
gle-purpose pumps. An intuitive multitingual 
user interface, a large display, and an 
ergonomically designed keypad make the 
pump simple to program and operate, Twenty 
different dosing protocols can be saved and 
recalled at the press of a button, 

Integra Biosciences For information 

441 81 286 9530 wm ntegra-bioscences.com 


Meniy offered instrumentation, apparatus and laboratory 
materials of interest to researchers in all disciplines in aca- 
eric, industria and government organizations are featured 
in this space. Emphasis is gen to purpose, chiel characteris 
tis, and availablity of products and materials. Endorsement by 
‘Science or AAS of any products or materials mentioned isnot 
implied. Additional information may be obtained from the 
manuiactre or split. 
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ASSISTANT/ASSOCIATE PROFESSOR, 
University of Missouri, Kansas City 


The Division of Pharmacol 
the School of Pharmacy ini 
[-month, tenured or tenure-track postion at the 
Assstant/ Associate Professor level. Applicants 
Should powess 3 Ph.D., Pharm.D. or MLD. in phar 
‘macology, ncurosicne®, txiologs, ofa clted dis 
Spline. Preference will be accorded to. applicants 
Werth intcedncipinany recarch eapsricace imvolin 
curowince, plarmacogenomicy mbwtance ane 
Gor tandaponal research; outstanding candidates 
from exher ckvane areas are alw strongly encom 
aged to apply. The successful applicant at the 
‘Associate Professor level i expected to hive 3 
‘igorous, well-established, and externally funded re 
Search programs, and to. provide instrction in the 
Doctor of pharmacy professional programs. and 
dental pharmacology program. ‘The postion i 
‘dudes Caceent compensation, startup package, 
and comprchenave benefits. Applicaton reicw will 
‘begin immediately, and will continue until the po- 
sition is ile 

University of Misouri, Kansas City (UMKC) isa 
compechensve retcarch tniveraty cxemplifing the 
‘alice of education first, ionowation, accountability, 
Livery, and eollaboraion. More about UMKC is 
at website: hetp://www.umkesedu or website: 
inp: //pharmacy inked. 

eants shoul electronically submit a cover 

Aexier and curriculum vitae with research plan, and 
arrange to have letters from three professional re: 
srences e-mail 

Anil Kumar, Ph.D, Chai, Search Committee 

Division of Pharmacology and Toxicology 

University of Missouri Kansas City 
2411 Holmes Street 
Kansas City, MO 64110-2741 
2415 


ASSISTANT PROFESSOR (PART-TIME) 
University of Saskatchewan, 
ent of Physiology 
‘College of Medicine 
We invite applications for a five-year part-time 
(75 percent) term position at the level of Asistant 
Professor 
‘Candidates must have a Ph.D. oF MLD. and post 
doctoral experience. He or she must have demon: 
strated excellence in research in regulatory and 
integrative physiology with particular emphasis on 
‘acural systems and plasticity o¢ cardiowasctlar rex 
lation. This is paimacihy a teaching position for the 
interdcpartmental cours: Form and Function of the 
Human Body for first year medical and dental stu- 
dents, for an introductory course to the allied health 
sciences, and for a boratory course, a joint course 
‘with biology as part of the core curriculum in the 
basic health sciences and specialized courses in the 
B.Sc. physiology program. The successful applicant 
will have an opportunity to apply for fescarch grants 
And if success will have Liboratory space. Oppo. 
tunities exist to join the Neural Systems and Plas- 
ticity Research Group, the Cardiovascular Research 
oup, oF any other group of choice. 
lest send curriculum vitae and the names of 
thee references by Apel 15, 2007, 
Dr. Wolfgang Wale 
Head of Physiology, College of Medicine 
‘University of Saskatchewan 
107 Wiggins Road 
‘Saskatoon SK'S7N SES Canada 
E-mail: wolfgang. wale@usask.ca 
Fax: 306-966-6532 
The University of Seletdewn ts comited t Kamp 
sent Ey. Member of doensedgespe fomen, Aboriginal 
people, people with dashes, and rise minora) are 
‘avwaged to sifidenify on thi applications. All qualified 
famdides ave excused 6 apply. lower, Canalians, and 
[eomancnt mridnt wl be given proity 


‘Chast nt 


Br 
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‘TENURE-TRACK FACULTY POSITIONS 

‘The Department of Pharmacology at Loyola 
University Chicago, Stritch School of Medicine i 
recruiting Tenure-Track Faculty” at all ranks 
‘stablish their own independent rescarch programs 
that intendigitate with ensting progyams within the 
Department and the Cardiovascular, Neuroscience, 
and Oncology Institutes. Candidates whose research 
oouses on the disection of fundamental mecha 
nisms for <linical/therapeutic applications and al 
ready have productive, established research progeams 
are expecially encouraged to apply. Generous startup 
Funds and laboratory space are availble, For more 
information about the Department visit website: 
http://www.luhs.org/depts/pharmacology/ 
index.heml. Applicants should have a Ph.D. and/or 
M.D. degree, and be committed ro exselience in 
research and teaching of pharmacology, Applications 
should include curriculum vitae anda research in 
terest statement, The letters of reference to support 
the candidacy should be sent separately. Address all 
correspondence to: Dr, Tarun B. Patel, Chair, 
Department of Mhamacology, Loyola Univenity 
Chicago, Stritch School of Medicine, 2160S. 
First Avenue, Maywood, IL 60153. (No clectronic 
applications accepted.) ual Linploymen Oppomunity 
Affirmative Action Eimpoye. 


MICROBIOLOGIST, OPPORTUNISTIC 
PATHOGENS, University of Maine, The De 
‘partment of Biochemistry, Microbiology, and Molec: 
lar Bly (website: hap//www anand 
bbmimb) will fila. rescarch-teaching, tenure-track, 
academic year, ASSISTANT PROFESSOR level 
ponition with 4 microbiologist conducting research 
‘on microbial pathogens sch as those involved in 

ns associated with diseases 
ibrons, AIDS, et cetera, The 
‘academic year position will be available September 1, 
2007. The successful candidate will tach and pro 
Side research opportunites for graduate students 
and undergraduates in capstone research, indepen 
dent study, or thesis, and will engage in student 
advising. The suecesfl 
teach undergraduate pat 


‘graduate offering. in 
her/his specialty area, The successful candidate 
tase model systems for understanding. the distrib 
tion, incidence, dynamics, and contral of emerging, 
infectious diseases using approaches from molec 
lar to ecological that preferably include genomics/ 
proteomics. ‘The Department houses a state-of-the 
art zcrafish facility. A Ph.D. in microbiology, or a 
relevant fie, and postdoctoral research experience 
arc required. Please send cover letter, curticukm vitae, 
research plans, and names and addresses of thr 
references 10: Dr. Carol Kim (e-mail: carotkim@ 
‘maineedu), Microbiologist Search Committee, 
Department of Biochemistry, Microbiology and 
Molecular Biology, 5735 Hitchner Hall, Univer- 
sity of Maine, Orono, ME 04469-5738. Review 
‘of applications will begin immediately and continue 
tant the position is filled. Women sal minis are 
‘onowaged 8 apply. The Univnity of Maine ts an Equal 
Opporinty/ABimnstve Aion Employer 


CAREER OPPORTUNITY 

“This nique program offers the candidate with an 
‘eamed Doctorate in the hfe sciences the opportunity 
to obtain the Doctor of Optometry (O.D.) degree in 
27 months (beginning in March of each year), 
Employment opportunities exist in research, educa 
tion, industry, and private practice. Contact the 
Admissions Office, telephone: 800-824-5526 at 
the New England College of Optometry, 424 
Beacon Street, Boston, MA 02115. Additional infor- 
mation at website: http://www.nceo.edt, e-mail: 
admissions@neco.cdu. 
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Genzyme Corporation is a global biotechnology company dedicated to maki 
Positive impact on the lives of people with serious diseases. Around the world, Genzyme’ 


a major 


more than 8,000 employees are united by our common and constant commitment to patients. 
AAs one of the five top blotech companies In the world, we offer an incredible environment in 
which individuals can excel, bulking upon ther ivesied strengths and delivering ther 
Personal best. 


Principal Scientist - #8908 
We ae seeking a highly matated scien t suppor all RAD and Process Development 
Sciences activities, Bulé excellence into our Analyte R&D at Genzyme Drug and Biomaterial 
R&D. and enhance our capably in small molecule and sythtic polymer analy. hs 
estan, the Scena wil work wah an excling ml dcpinary tam to desi and 
fmplement traditional and innovative R&D programs. The work encompasses all aspects of 
preclinical development and validation, including study design, data analyss report and 
Summary presentation. 
The candidate should have a Ph.0. in analytical chemistry o related field and 10+ years of 
working experience in the pharmaceutical/biotechnology industry elated to drug development 
Indepth knowiedge of method development and valdaion in a CLP/CUP regulated environment 
IS expected. Must have hands on” experience with mass spectrometry HPLC, CE, affinity 
separation, electroanalytical methods, and UV and FTIR spectroscopy. indepth knowledge of 
Bhysieo-chemical analy’ in solution and at interfaces is desired. Extensive experience in 
Sample preparation techniques, Including dialysis, sold phase extraction and semi preparative 
Chromatography 's required. Experience in HT method development and the analysts of complex 


NSU Risar 


“Banpra the Chante 


FACULTY POSITION 
IN COASTAL 
ENVIRONMENTAL SCIENCE 


(yww.nova edulocean) invites applications for 
2-month position at the ASSISTANT or 
DCIATE Professor level in Coasta 

Environmental Science. Applicants must have 

doctoral degrce and experience. Fiekls of 

imerest include coastal policy and resource 

‘management, applied 

ecosystem modeling, 

eeotaxicology, and. wetland, 

const 6 Responsib 


‘esearch al the OC, and undergraduate teaching 

a the Farquhar College of Ans and Sciences 

‘wowundergrd.novaeduhain.tin), 

Please apply online by March 31, 2007 to 
99 ‘wwwansujobs.com 


nd *ikieo letters of 


Seeaeranny see ire a a ee nae 
eae re npr ean ee ne? in 


Please apply online at: www.Genzyme.com/careers - Job #8908. #'113 


supervisory experience ani 


Ranked #6 Emplayer among the World's 
‘Top 20 Biotechnology # Pharmaceutical Companies 


‘An equal opportunity employer committed to a culturally diverse workplace. 


www.g 


izyme.com/careers 


Inoiries and recommendation leters shou 
nailed to: Coastal Search Commitee, 
NSU Oceanographic Center, 8000" N- 
Ocean Drive, Danka Beach, FL A300, 
ze Visit our website: www.nova.ed 
Nema Sonaheusern Universi 
"san Equal Opporany! 
Affirmative Action Employer. 


DIRECTOR 
| _ international Computer Science institute 
1 Berkeley, CA 
The Intemational Compute Science Intute (ICS), 
| tmindependent on-prtt laboratory closely aited 
withthe Elsrcal Engincoring and Computer Science 
Department atthe University of Califor, Berkeley 
(UCB) invites applications fe the poston of Drei, 
to begin in the Fall Semester of 2008 
The ICS 's primary responsibilities are to: overce and expand 
ICS1's research agen: act aya high-level external evangelist for ICSI 
search enti an pure sai funding epprtuntin and strengthen 
ICS relationship with UCB. The Director rors det) 1CST's Board 
of Tastes 
ICSI is recognized for its world-class research actvtics in specch and 
language processing. networking and computational biology, and s bul 
ing new competency in computer arcitestre. Several of ICSI research 
AMT have oi appointments at UCB, and many UCB graduate stents 
perform ter rescrch at ICSI. In aditon, ICSI places significant compass 
{mn intratonal partnerships and visting scolar programs with countrix 
‘in Europe and Avia 
ICSI is secking a Director with scent bread, interest an professional 
connections to promote and augment ICSI's ongoing rxcarch efforts 
‘Arplicats should have recognized research leadership. as wel asa strong 
‘evond in roscarch management and demonstrated sess at goverment 
ad industrial fundraising. Experience wilh ikerational collaboration and 
findraisng ina ps 


Applications should include a resume, selected publications, and the names 
lof throe references who will send recommendations. Review begins May 1 
2007; candidates ae urged to apply by that date. 


‘To lean more about ICSI, go to http://www des.berkeley.edu.To apply for 
the Director position, send the above material 10 apply @ies.berkeley.edu. 
Recommenders providing letters should send them directly to 
apply(aiesiterkeley.edu by July 1, 2007, 
ICSI isan Affirmative Action Equal Opportunity Emplover. Applications 
from women and minorities are especial encouraged 


Applications are insted for: 


Institute of Plant Molecular Biology and 
Agricultural Biotechnolo 


Research Associate Professor(s) / Research Assistant Professor(s) 
(ef 070371068 )2) 
Applicants should have (i) PhD degree in plant sciences: (i) posdoctoral 
‘experience in related fields: and (ii) an excellent publication record in 
joumals. Apart from teaching the appointees will (a) 
igorous research related to crop genetics and agronomy. crop 
‘wansformation and genetic engineering. crop nutritional improvement plant 
fnomics. plant proteonmics and mictabolomics, oF plant res stadis: and 
{(b) apply for competitive grants. Appointments will normally be made on 
ly commencing Apel 2007 oF as 
soon as practicable thereafter leading 10 longer-term appointment oF 
Substantiation Inter subject to performance, budget and mutual agreement, 
Applications will be accepted until the posts ar filled 


‘Salary and Fringe Benefits 
Salary will be highly competitive, commensurate with qualifications and 
experience. The University offers a comprehensive fringe benefit package, 
incloding medical cae, plus a contact-end gratuity for appointmerts of two 
years: a housing benefits fo eligible appointees. 

Fanber information about the University and the general terms of service 
for appointments is available at hap://www.cuhk-edu-kipersonnel. The 
terms mentioned herein are for reference only and are subject to revision 
by the Univer 


Application Procedure 
Please send fll resume, copies of academic credentials. a publication list 
and/or absracts of select published papers together with names. adresses 
[ul fax numberv/e-mal addrewes of thee referees to whom the applicants 
‘Consent has been given for their providing references (unless otherwise 
specified), to the Personnel Office, The Chinese University of Hong Kong. 
Shatin, NT. Hong Kong (Fax: (852) 2605 6852), The Personal Information 
Collection Statement wil be provided upon request Please quote the reference 
‘number and mark ‘Application - Confidential” on cover. 


tut NATIONAL INSTITUTES OF HEALTH 


NIDDK @ POSTDOCTORAL FELLOWSHIPS IN MOLECULAR AND CELL BIOLOGY AT THE NIH_ 


‘We area group of molecular and cell biologists onthe main intramural campus of the National Institutes of Health (NIH) in Bethesda, Maryland, a 20-minute ride 
from Washington, D.C. The intramural program ofthe NIH! offers an outstanding research environment and many opportunities for collaborations. Applications 
are invited from individuals of the highest caliber with Ph.D. M.D., or M.D.,.Ph.D. degrees. The current research interests of the group include: 


= Mechanisms of protein secretion in pathogenic and non-pathogenic bacteria, Our group uses a combination of biochemical, biophysical and genetic methods 
to study protein secretion via both the classical Sec and autotransportr (type V) pathways. For recent work see Proc. Nat. Acad. Si, (2005) 102: 221-226; Mol. 
‘Microbiol, (2005) $8; 945-938; J. Biol. Chem. (2006) 281: 9038-9048; Mol, Cell (2006) 22: $87-598 (Harris Bernstein: harris_bernstein_@ nih.gov), 


Biochemistry and molecular biology of double-strand brea repair and homologous recombination. Curren interests include mouse and human meiosis (Dev 
Cell (2003) 4: 497; Nat. Struct, Mol. Biol (2005) 12°49; J. Cell Seience (2005) 118: 3233; J. Biol. Chem(2006) 281: 18426 ) and evolutionary genomics 
(Nature Genet, (2004) 36: 642; Nature Gent (200S) 37:3; Trends in Genet, (2005) 21:3). (Dan Camerini-Otero) 


~ Molecular Mechanisms of DNA Mismatch Repair. Our focus is on the role of repair proteins in the cellular response to/DNA damage involving checkpoint 
‘activation and apoptosis and moleulamechanisms of post-replication repair and mutation avoidance. (J, Mo, Biol. (2003) 334:949; Progy Natl. Acad. Sei (2003) 
100:1-4822; Mol, Cell (2006) 22:501}/ (Peggy Hsieh phS2x a nih.gov) 


Interested candidates should fubmil a cover letter, a curiculum vitae bibliography, and arrange to have throe eters Of recoanimendation scent to one of the inves- 
tigators above, oF tobe considered for more than one lab to Dan Camerin-Otero (camerini@nciferf go) at 


Bldg: 5)Rm 201 
‘5 Memorial Dr MSC 0538 
National Institutes of Health 
Bethesda, MD 20892-0838 


Postdoctoral, Research 
and Clinical Fellowships 
The Cranial and Skeletal Disetses Branch of the NIDCR is vee 


Staff Sciemtst in support of the Skeletal Clinical Studies Unit in its study of at the National 
‘mechanisms of human bone and mineral biology, The incumbent will participate 
inthe tanslationalbascscience ffs aa slnclly-erientd research group Institutes of Health 
that utilizes human specimens and relevant in. vivo and vitro models of bone 
ann mineral biology, This isa technical support postion wich doesn involve 
independent resources for investigator initiated Tesearchy-The incumbent is 
to be technically independent inthe areas of ead molar biology 
In addition to personally conducting expenments and publishing the results, 
supervision of junior personnel wil lo be required. AS such, in addin toa 
high level of ive and scientific technical expertise, strong communication www.training.nih.gov/clinopenings 
and interpersonal skills are necessary, 


Staff Scientist in Bone and Mineral Metabolism 


www.training.nih.gov/pdopenings 


Train at the bench, th r both 
Minimum qualifications include a doctoral degree, completion of postdoctoral arrnnt Wie bendy the betes Peer 


training, and a strong publication record demonstrating a high degree of intel- 
lectual ability. The ideal applicant will have significant experience in the field 
of bone and mineral biology. For additional information, contact Dr. Michael 
Collins at me247k@nih.gov. To apply submit curriculum vitae, bibliography, 
brief statement of relevant background, and three letters of recommendation to Office of intramural Training and Education 
Mia Pulley, 30 Center Drive, MSC 4320, Building 30, Room 228, Bethesda, Bethesda, Maryland 20892-0240 

MD 20892-4320, USA or emai: mpulley’@mail.nib.gov 800.445.8283 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 
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FACULTY 
Department of Immunology 


‘The Deparment of lmamuncogy seeks apices for several 
faculty posthns ata levels (Assistant Assit, o Fallin areas of 
recewth exploring the cll bolo) ofthe immune system St Jade oer. 
remarkable oppertnity 1 peroem cutiag ge ranch with watts 
instil sapport and exceptional core fas i an caveat cope 
‘allaberation Successful applicants wil presenta ibeat research program with 
tential for interaction within the department nd instiutin. A areas of irmaocbeny 
are wekume, but preerenre will e given othose areas tha she ight on asi cellar 
an elec processes within the cote ofthe immane system 


Atetive recruitment packages are availabe. inclaing competitive salaries, generous 
‘aru funds and laboratory space in the department, wich is lead within the basic 
research lturaories ofthe initatica. The inti i noted forts ousaning and 
lfonable core research failies which include a sate-ofahe ant Flow Cytometii and 
Cell Sorting. facility, excellent Microuray facliies, Tissue Procesing, Cell 
‘Microinjection, Cytogenetics, Teansgenic/Gene Knockout, BiciformaticiDNA 
(Chemistry Protein Chemistry, and Specific Pathogen Free (SPF) animal fais. 


‘St Jude isa hospital and bask science research sti wit focus on fondamental 
eas of istgy that night apply cio ctaseophic diseases thas aarge faulty 
‘of hase and clinical investigates organized into waditionl academic deputies, 
Including Biochemistry, Tumor Cell Biology. Vitulogy and Molecular Biology, 
Developmental Neurobiology. Genetics, Structural Biology, ani Molecular 
Pharmacolory 


Interested applicants shoul send CV, a leer of research loess, and contact 
‘inferno foe the references 


Dagan R. Green, PAD + Chale, Dept of Immunology 

Department of tmianeag «Je Chee’ Reach Hap 
nuderdale * Memphis, TN 38105 

|: Daag Green stjodearg 


Interested perwns are encouraged fo vse wrest ore 
oe akin! sida nformation 


9a ig Operant pln an Dg Fe Wore. Camas meng ten 
‘Compleat i be det emo}! du ving ad Nod ch 


ector Positions 
Genomics Research Center 

and Institute of Biological Chemistry 
Academia Sinica, Taiwan 


Academia Sinica, Taiwan, invites applications and nominations for the 
positions of Director of Genomics Research Center (GRC) and Director 
‘of Institute of Biological Chemistry (IBC), The initial appointment is 
for aperiod of three years (renewable fora second term), and Willalso carry 
the ttle of Research Fellow 

Academia Sinica is the pre-eminent academic institution in Taiwan, 1 is 
‘devoted to asic and applied esearch in mathematics and physical sciences, 


‘and protcomics-related researc 
including the following four areas: Functional genomics, Chemical biolog) 
Cellular and molecular medicine, and Bioinformatics. Two additional units 
are innovative key technologies and technology transfer. biotechnology 
incubation center isalso managed by GRC. Rescarchelforts of IBC caverall 
‘major areas at the interface between chemistry and biology, with emphasisin 
proteomics, structural biology. glycobiology. cell and molecular biology 

[Both institutions ar well funded and equippal with mwxler resarch facilities. 
For details about Academia Sinica and the two institutions, please consult 
the website: http://www.sinica.edu.tw 

Interested candidates should have a Ph.D, degree, a distinguished record of 
‘academic scholarship, an diverse experience in university and professional 
service. He/she is expected to pursue a Vigorous research program, The 
successful candidates will he expected to build on the existing strengths of 
the respective institutions, develop new research thrusts, promote hasic life 
sciences and provide imellectual leadership in relevant basic and applied life 
sciences in Taiwan, 

Applications and nominations, including complete curriculum vitae, a 
‘publication list. and three leters of recommendation, should be submitted 
to Dr, Andrew HJ, Wang, Vice President, Academia Sinica, 128 Academia 
Road Section 2, Nankang, Taipei, 118, Taiwan, Please indicate whic! 

position you apply for. Screening of applications/nominations will begin 
immediately. and will continue until the postions ate filled, 


NATIONAL HEALTH RESEARCH INSTITUTES 
Division of Environmental Health and Occupational Medicine 


Diree 


National Health Rescarch Institutes (NHI), a leading non-profit research 
‘organization supported by the Government of Taiwan, the Republic of 
China, cordially invites senior scientists to apply for the Director of the 
Division of Environmental Health and Occupational Medicine 
‘The Director will be responsible for planning. development, implementation, 
promotion and coordination of various research programs related 19 
‘environmental and occupational health problems in Taiwan. The candidates 
‘should hold either a Ph.D. or M.D. degree or both witha strong background 
in biomedical sciences and have been ina leadership position for more than 
five years witha proventrack recordin related research. Candidates should 
[possess strong leadership qualities and be highly innovative, creative, 
‘communicative and dynamic. Candidates are also expected to be familiar 
With the environmental and occupational health problems of Taiwan. 
Proficiency in Chinese is required. Salary willbe highly competitive. All 
applications will be treated confidentially 
Please send application to: 
President Kenneth K. Wu, M.D., Ph.D. c/o Mr. Wen-Cheng Chang 
Department of Research Planning and Development, NIIR} 
38 Keyan Road, Zhunan Town, Miaoli County 350, Taiwan, ROC. 
E-mail: ewe(a nhri.org.tw Tel: 886-37-246-166 ext. 33005 
Fax: 886-37-S80-784 
Application shall include: 
A etter of intent 
Curriculum vitae 
A list of publications 
‘A copy cach of five major recent publications 
Five letters of recommendation 
‘Tentative plan forthe division 
Deadline: Apeit 30, 2007 


F Position 


TEXAS TECH UNIVERSITY 


HEALTH SCIENCES CENTER 
School of Medicine 


Endowed Chair/Tenure Track Faculty Position for 
Oncology and Cancer Research 

The Texas Tech University Health Sciences Center and the 

Cancer Treatment and Research Center in Lubbock are s 

cations for a tenure track clinical sciemtist position at open ra 
successful candidate will hold primary appointments in an appropriate 
clinical department and the Department of Cell Biology and Biochemistry 
‘aswell as inthe Graduate School of Biomedical Sciences and will be the 
‘recipient of an endowed chair for oncology and cancer research. We scck 
‘outstanding candidates, with recognized clinical skills and leadership abil 
ity establish a robust clinical eancer and translational research program 
‘that will have strong interactions within a group of basic cancer biologists 


With interests in tumor biology. signal transduction, immunology, cell 
cycle, drug resistance and proteomics. Candidates must hold an M.D. 
‘or M.D/Ph.D,, have post-doctoral experience, a strong record of cancer 
research achievement, preferably with current national-Ievel funding, be 

a majority of their effort on research activities, and be 
eligible fora Texas medical license. 


Applicants should include a cover letter, current CV, a surnmary of clin 
‘cal and research accomplishments and interests, and names and contact 
information for four references to 
Dr. H.W. Weitlaut 
Professor and Chair 
Department of Cell Biology and Biochemistry 
‘Texas Tech University Health Sciences Center 
‘3601 4th Street, Lubbock, Texas 79424 
Phone: ($06) 743 2701 
‘email: harry.weitlaufa ttubse.edu 
Applications from women and minority candidates 
‘are particularly encouraged. 


CANCER RESEARCH UK 


ScienceCareers.org 


‘OR O} 


LABORATORY OP! 


RATIONS 


The Foundation for Blood Research 
(FBR), an independent, research 
laboratory, established in 1973, is 
secking applications fora Director of 


Laboratory Operations. Dare 


The candidate must be either a Ph.D. of M.D. who fulfills all 

y director as defined by CUA. 
2 high complexity 
ory is desirable. Responsibilities include overseeing the 


requirements for laborat 
more years of experience directi 


ion of the molecular 


day-to-day operation and adminis 
genetics, prenatal screening and rheumatic disease testing 


requirements include; the proven ability to plan and implement 
Innovative new services within budget and time parameters; a 
history of effective leadership accomplishments demonstrated 
internally and externally; and a willingness to work with FBR’ 
affiliate, Dartmouth Medical School. Must be a problems 
ind communication skills 


with good people 
To apply, please submit a letter of interest, curriculum vitae and 
three professional references to: Jane Shechan, Esq., Vice 


President and Chief Operating Officer, Foundation for Blood 
Research, RO, Box 190, Scarborough, ME 04070-0190. 
Alternatively, email the ab 


fhe.org 


jsheeh 


FBR is a 501 (c) (3), non-profit organization, located minutes 
from sandy beaches, great skiing, and Maine's largest city 
(Portland), Boston is just 1s hours by car. For more 
Information, please visitourweb site at www fbr ong 


ww wibeon 80 


COLUMBIA UNIVERSITY 


Faculty Position in 
Biomedical Engineering 


{ Engincering and Applied Science at Columbia University invites appl 


cations fora tenure-track faculty position atthe Assistant, Associate or 


Fall Professor level Of particular interest are candidates with expert 


function: cengincering. Successful candidates twist demonstrate 


an ability to de world-class research program, be capable of 


ning compettive external research funding, and participate in and 


be commited 10 outstanding teaching at both the undergraduate and 

uate The candidate should have a doctorate in Biomedical 
Engineering or a related discipline, Applicants should send a complete 
curriculum tae publication reprint ment of research 
interests, a statement of teaching experience and philosophy, and names 
and contact information for four references by May’ 1 


Professor 


Sajda 
Chair of the Faculty Search Committee 
Department of Biomedical Engineering 
nbia Universit 

Mail Code 8904 


New York, NY 10027 


The search will remain open until the position has been filed 


Tenure Track Research Positions 


Wadsworth Center 


MACROMOLECULAR MACHINES. Res 
interest in the study of the structure and dynamics of lange macromolee 
techniques, cryo-clctron microscopy, of «ray crystallograpby a 
sought to join Wadsworth’ new Center for Macromolecular Machines, Wad 
worth sal for Visualization of Biological 

an NUN fund 

and isa charter member ofthe New York Struchisal Biology Ce 
scarch committe: De. Joachim Frank (singlemoleeulee w: 
BIOINFORMATICS AND COMPUTAT 
focusing on computational approache 
RNAs, genomics, p 

research groups within the Center for Bioinformatics andthe Genom 
A strony biological background s desirable, and research havin 
tal as well as welcome. The Center 
isa specialized, NIH-funded 120 foot facility with state-of-the-art 
computing and collaboratory resources. Chair of search commitice: Dr. Joan 
Curcio (bioinformatieva wadsworth.or 


‘experimental techniques such a 


clectron microncopy (www.wadsworth.org/r¥b¢) 


The Wadsworth Centr isthe country’s most comprehe b 


laboratory with along history of resarch excellence. It has been recognized 

several times asa Top 10 place to work by Te Scientist 

Its located in Albany, the capital of New York stat, 
sultural and outdoor activ 

havea PRD. M.D. oF eg 


academic community, dive 
cost-of-living. Applicants 
candidates may join the faculty of the Department of Biome . 
University at Albany School of F ah (wwwawradsworth.org/bms) 

in April9, 2007, with appointments to be 
idsend curriculum 


Review of applications will 
ated in Fall, 2007. Applicant 
inleress and fate plan 


the chair of 
State 
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UNIVERSITY OF COPENHAGEN 


Call for applications: 
Programme of Excellence funding 


The University of Copenhagen will establish a 
number of "Projects of Excellence’ for outstanding 
researchers and research initiatives in existing and. 
new academic fields. 


The aim is to support research projects that have 
the potential to become outstanding and leading 


Applications must be directed to one of the eight. 
faculties of University of Copenhagen. The 
deadline is 1 June 2007. The winners of Excellence 
funding will be announced in November 2007. 


Read more about how to apply at 


cellenceprogramme 


projects within their fields, Projects must have 
relevance to our university curricula, 


Programme of Excellence is open to all applicants, 
internal as well as external, provided they will be 
‘employed by the University of Copenhagen while 
conducting the research project. Interfaculty and 
interdisciplinary applications are welcomed 


Applicants can request funding up to DKK S 
rmillion (€ 680,000) a year for up to five years 


Founded in 1479, the University of Copenhagen is 
the objest unversty in Denmark. With app, 37,000 
students and 7,500 employees, the University isthe 
largest research communty in Scandinavia. The 

University ranked 14 Europe and 54 world 
wide, and is a member of the international 

Allance of Research Universities A 
(ARU). woewcku chlengish 


Imagine being part 
of a team that 


makes a discovery 


Director, Institute of Genomic Medicine 


The Universe of Medicine and Denttry af New ersey(UMON))-New Jersey 
‘Medical School seeks candidates for the poston of Drector forthe instute 
‘of Genomic Medicine. The Intute of Genome Medicine 3 housed inthe 
‘main medical science building on the Newark campus of UMON). The 
Instcute is ideally seated with access to the laboracories of NIH funded 
Investigators within the majrcinieal and base science departments of New 
Jersey Medial School. The insu of Genomic Medicine, which s one of 
fhumerous core revearch aiities focated on the Newark campun, i 
{equipped with state-of the-art instrumentation enabling faculty to conduct 
catsng-edge genomic studies (eg. high ehroughput meroaray technology, 
igeneve dagrostclaboratones and chmicl genomic services) 


‘Applicants should have an M.D, and/or Ph.D. with demonstrated expertise 

the implementaton of genome methodologes wehin the context of 
jomediesl research. Experience with gene profiling. and. biomarker 
‘dentifeaton, single nucleotide poymorpham arays transianonal researc 
{nd development of new technologes as these relate to undersanc 
‘incase procestes is important. Experience in prant wring and in obearnng 
research funding fom extramural sources wil be considered 2. plus 
Applicants with epenence in the biopharmaceutcal industry applying 
{genomic analyses cinical studies ae encouraged to app. 


Interested applicants should send CV including rarres oft eas hee reference, 
(o; Richard Nucl Sr. Adminstrator, Emad uttalem@ undead, UMONS 
an Minute Actor Equal Opporunay Employer 


UMDN 
a8] NEW JERSEY 
MEDICAL SCHOOL 


Saeed a ay a 


John Innes Centre 


INDEPENDENT 
RESEARCH FELLOWSHIPS 


The John Innes Centre (JIC), Norwich, UK is a word leading centre 
cof excellence in plant and microbial sciences based on the Norwich 
Research Park. We are iting applications from outstanding 
researchers who ether hold, or wish to apply for Independent 
Research Fellowships, to attend a Conference at the JIC on 

4/5 June 2007. At the meeting you willbe able to present a tath 
about your proposed area of research and to discuss your 
proposals, the development of your group and your future career 
plans in depth with senior JIC Scientists. 


‘After the Conference we will select and mentor outstanding 
‘candidates in writing Fellowship applications and/or offer the 
‘opportunity to move existing Fellowships to the JIC. 


Further details and particulars can be found at 


Please email a 2-page summary of your research plan a copy of 
your CV and arrange for tvee eters of recommendation to be 
‘emailed to dawn barrett bbsrc.ac. uk by Friday 20th April 2007. 
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From physics to nutrition 


For careers in science, 
turn to Science 
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if you want your career to bear fruit, don’t leave it to firmly founded on the expertise of Science, the premier 
chance. At ScienceCareers.org we know science. We are scientific journal, and the long experience of AAAS in 
committed to helping you find the right job, and to advancing science around the world. ScienceCareers.org 
delivering the useful advice you need. Our knowledge is _ is the natural selection. WWW.SCiencecareers.org 


Features include: 


Thousands ofjob postings» Resume/CV Database ScienceCareers.org 
Career tools from Next Wave» Career Forum 


We know science 


© Grant information 


USDA Bag ies 
es 


wwnwatry.usda.g0v 


The U.S. Department of Agriculture, 
Agricultural Research Service, San Joa 
‘quin Valley Agricultural Sciences Center, 
Parlier, California, invites applications for 
a Research Plant Molecular Biologist/ 
Plant Physiologist GS-1213/14 (S63.417~ 
‘$115,848 per annum). Incumbent conducts 
research independently and as part ofa team 
‘on the biology of Xviella fastidiosa (Xf) 
strains that cause Pierce's disease (PD) of 
‘grapevines, almond leaf scorch, oleander 
leat scorch, alfalfa dwarf and other xylellae 
and exotic and invasive diseases of agro 
omic, horticultural and omamental crops. 
(announcement ARS-X7W-0038). The 
‘candidate must have the ability to formulate 
hypotheses, and develop 
1s and approaches to inves 
gate X. fastidiosachost interactions. This is 
‘competitive, permanent appointment and 
US. citizenship is required 


Vacancy announcements and where to apply 
‘ean be found at wwwausajobs.com or con 
laet Drake Stenger (889) $96-2922, Closing 
‘date for applications is Apell 13, 2007. 


The USDA is an Equal Opportunity 
Provider and Employer: 


Informatics Director 
(AssistantAssociate/Full Professor) 
Clinical and Translational Science 
Program 
The University of Vermont 


‘The University of Vermont is recruiting for an 
Informatics Director forthe Clinical and Trans- 
lation Science Program. The qualified candidate 
wil have an advanced degree andior significant 
experince inthe use of sophisticated informatics 
systems in translational andor clinical research, 
Preferred candidates will have experience 
\wotking atthe interfaces of different IT systems 
in different institutions with an emphasis on 

tereonnectivity; experience with an electronic 

redical record would be an advantage. The 
candidate will also be expected to have a track 
ecord and continue to publish in academic jour 

sin aspects conjoining TT and clinica andor 
translational research. The appointment will be 
made athe appropriate Professorial level w 
without tenure in the Clinical and Translational 
Science Program and inthe appropeate primary 
department, depending on discipline. Applica- 
tions will be accepted until the position is filled: 
however, we strongly encourage the submission 
‘of materials by April 1, 2007. Applicants should 
send a copy of their CV, a eter outlining thie 
{interests and three letters of recommendation to 
Richard Galbraith, M.D., Ph.D., Chair of the 
Search Commitee, Associate Dean fo 
Oriented Research, MCHV/Baird 795, 
Colehester Avenue, Burlington, VT 05401 or 
byapplyingat www.avmjobs.com. Applications 
sare encouraged from women and individuals of 
diverse racial, ethnic and cultural backgrounds. 
‘AN EQUAL OPPORTUNITY/AFFIRMATIVE 
‘ACTION EMPLOYER. 


Gpuniversity of Colorado Health Sciences Center 


University of Colorado at Denver and Health Sciences Center 
Assistant, Associate, Full Professor (Tenure-Track) 
Department of Pharmaceutical Sciences, School of Pharmacy 


The University of Colorado at Denver and Health Sciences Center School of Pharmacy is entering 
anew and exciting phase in its growth and development. The Health Sciences Center is moving to 
the newly developed Anschutz Medical Campus, located several miles away from its current loca 
tion, a move that will greatly enhance the research, education and clinical practice environments. 
As part of this move, the School of Pharmacy is designing and constructing a new build 

\ill provide the school with expansion space for its growing rescarch enterprise. The School of 
Pharmacy will be situated adjacent tothe new Bioscience Park providing the faculty with unparal- 
Ieled opportunities to collaborate with both Health Sciences Center faculty and emerging bioscience 
companies in research and entreprencurial endeavors. The School of Pharmacy will recruit for 
‘numerous faculty positions over the next three years to enhance its nationally renowned programs 
in basic, translational and clinical research, education and clinical practice. 


The Department of Pharmaceutical Sciences is a research-intensive group of faculty focusing 

their basic, translational and clinical research efforts in the areas of pharmaceutical biotechnology, 

molecular toxicology, cancer pharmacology, pharmacokinetics and pharmacogenomics. Current 

areas of rescarch emphasis inthe department can be found a: 
http:/www.uchsc.edu/sopipharmscience/2 Research Programs/ 

In this initial phase of recruitment, the department is secking applicants with a PhD or PharmD 


degree and an established record of excellence for tenure-track positions atthe level of assistant, 
associate or full professor inthe following areas. 


Pharmacokinetics/Cancer Pharmacology (Job Posting #800455) 


Leadership position available w direct the Cancer Pharmacology Core ofthe University of Colorado 
Cancer Center atx assist in the design and implementation of cary clinical trials of novel antican- 
cer agents. The Department of Pharmaceutical Sciences in collaboration with the Developmental 
Therapeutics Phase I Program has extensive expertise in phase | clinical als of agents that target 
molecular pathways. The suocessful candidate will have ex ipplying pharmacokinetics 

id pharmacodynamics to problems in cancer pharmacolo uticancer drug development. 
Preferred arcas of emphasis include PK-PD modeling, biomarkers or drug design delivery but all 
arcas of cancer pharmacology will be considered 


Drug Delivery (Job Posting #800456) 


The successful candidate will have experience in novel drug delivery technologies applied to cithe 
small molgcules or macromolecular therapeutics. Arcas of emphasis might include transdermal, 
pulmonary, parenteral, or orl delivery using ncedicless, patch, ultrasound, inhalation, or nanopar 
licle technology but preference will be given to individuals who interface with current research 
programs in pharmaceutical biotechnology and cancer pharmacology 


Medicinal Chemistry/Drug Development - Two Positions (Job Posting #800457) 
Preference will be given to individuals applying novel synthetic, computational and analytical 
approaches to drug development. Areas of emphasis in the department include anticancer dru 


development and the development and stability of macromolecular therapeutics. Successful appli> 
«ants will be expected to contribute to an emerging campus focus in chemical Biology 


Medicinal Chemistry/Drug Metabolism (Job Posting #800458) 


The successful candidate will have experience in metabolic chemistry and will be expected to incor. 
porate synthetic. modeling and proteomic approaches in studies of drug metabolism, This position 
will complement current areas of emphasis Which include the role of metabolism in toxicological 
response, pharmacogenctics and pharmacogenomics. Suecessful applicants will be expected to 
contribute to an emerging campus focus in chemical biology 


Clinical/Transtational Research (Job Posting #800459) 


The successful candidate will have experience in pharmacokinetic, pharmacodynamic, or pharmaco- 
genetic approaches in clinical research and in their application to clinical trials. Diverse therapeutic 
areas will be considcred but integration with existing departmental initiatives in pharmacokinet= 
ics or pharmacogenctics’pharmacogenomics will be required, The successful individual will be 
expected to take leadership positions in the development of a center for pharmacokinetics and 
pharmacogenctics and inthe training of clinical scientist 


Successful candidates will be expected 10 develop or maintain an internationally competitive, 
cextramurally funded research program and contribute to teaching at both the Pharm.D, and Ph.D. 
levels in the School of Pharmacy. Faculty rank and salary will be dependent upon qualifications and 
experience. Applicant screening will begin April 2, 2007 and continue until the postions ae filed 
Applicants, please apply electronically at www.jobsatcu.com to the job posting aumber of the 
position(s) of interest. Applicants must submit electronically a letter of interest brief research plan, 
and the names of three references with regular and e-mail addresses, phone and 
{questions regarding the application process can be directed to Jay Redenburg, 

Director of Personne! at jay.rodenburg(@ uchse.edu or at 303/315-1083. 


The University of Colorado is committed to diversity and 
‘quality in education and employment 


ScienceCareers.o1 


Does your next career step 
need direction? 
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} got the offert've been 
dreaming of 
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With thousands of job postings, v 
it’s a lot easier to track down a 
career that suits me 
Now what? 


Iwanta career, 


not just a job 


\ 


There's only one place to go for career advice if you value the 


expertise of Science and the long experience of AAAS in supporting 


career advancement - ScienceCareers.org. The pages of Science 
and our website ScienceCareers.org offer: teed 


Thousands of job postings '* Funding information q 
Career advice articles and tools _* Networking opportunities 


www.sciencecareers.org 
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f you're considering a career in cancer 
research or looking to broaden your work 
horizons, don't miss the upcoming Careers 
in Cancer Research feature, Hear from your 
peers and from industry leaders what exper- 
tise is required to make yourself the most 
employable candidate. 


Read it in the April 6 issue of Science. 


For previous career-related features, go to 
www.sciencecareers.org/businessfeatures 


UPCOMING FEATURE: 
April 20 — Postdoctoral Car 


ers: Transferable Skills, 


April 27 — Biotech and Pharma 


Dave Jensen 
Industry 
Recruiter 


Bring your career 
concerns to the table. Dialogue 
online with professional career 


counselors and your peers. 


Science 
Careers Forum 


* How can you write a resume that stands out in a crowd? 
‘* What do you need to transition from academia to industry? 
* Should you do a postdoc in academia or in industry? 


Leta trusted resource like ScienceCareers.org help you 
answer these questions. ScienceCareers.org has partnered 
with moderator Dave Jensen and four well-respected advisers 
who, along with your peers, will field career related questions. 


Visit ScienceCareers.org and start an online dialogue. 


ScienceCareers.org, 


Get the experts behind you. 


www.ScienceCareers.org 


* Search Jobs * Career Forum 
Next Wave * Career Advice 

* Job Alerts * Meetings and 

* Resume/CV Announcements 
Database * Graduate Programs 


All features on ScienceCareers.org are FREE to job seekers. 
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‘OPEN 


“The Zoological Society of San Diego is secking 3 
scientie innovator to lead a new rexarch division 
‘devoted to plant conscreation that focuses om sus- 
tainabilty and restoration of ecosystems. We seck a 
CONSERVATION BIOLOGIST who uses an 3p- 
plied, mulisciplinary approach to include several 
Df the folowing areas: rextoration biology, comms 
hity ecology, genetics, invasive spesies management, 
spatial ecology, soll science, of rare plant popula 
ons, Also desirable is an interest in working in 
San Diego County, a biodiversity hotspot, as well 
a8. history of building conservation partnerships 
Extensive opportunities exist for collaboration with 
4 dynamic research team (website: http://www. 
‘Zooconservation.org). Candidates must have a 
Ph.D., a minimum of three years of postdoctoral 
experience and a proven track record {9 obtaining 
éetramural funding, supervisoral management expe 
Fience desired. Interested applicants should submit 
‘curriculum vitae, statement of research interest, up 
to tve sample publications, and contact information 
for three references to: San Diego Zoo's Wild Ani 
‘mal Park, Ata; Human Resources Number 172408, 
15500 San Pasqual Valley Road, Escondido, CA 
92027. Website: http://www.sandiego200.0rg/ 
‘employment. Fax: 760-796-5614. lijul Oppon 
ty Epler question? Comat Hama Resourcer st mail 
Rumaresourcsa andicsoo.og 


Denison University, a selective liberal arts college, 
invites applications for a. two-year pesition for a0 
ORGANISMAL BIOLOGIST sna! 3 onc-yeae post 
tion for a, MOLECULAR BIOLOGIST, both 1 
begin in August 2007, The teaching knad for each 
postion is #0 counes with companion laboratories 
tach semester, all courses have entollments of 24 oF 
less, Teaching responses are a sophomore-levd 
course (eeology and evolution or cell and molecular 
biology, respectively), an advanced course inthe 
canalalate's area of specialty, and a nonmajoes biclogy 
« Demonstented ability in undlergraduate 
teaching is expected and a Ph.D, is preferred (all 
but-discrtation acceptable). For a detaled description 
of the Biology Department and our curticulum see 
‘website: http://www.denison.edu /biology/. Can 
didates should’ send. letter of application clearly 
inslicating the ponition and adhanced course prefer 
fences, cicilum vitae, statement of teaching phil 
‘ophy, transcripts (graduate and undergyaduate), ark 


thr ler of trent: Chal Search Coma 
tee, Biology Department, Denton University, 
Srinvily OH 48028. Rec of appease wal 


begin March 26, 2007, and continue ‘until the po- 
sitions are fila,” Deion 1s an Afinnstne Adon Eas! 
COpportany Enplyer, Hien and tras ems 


ah 


ASSISTANT or ASSOCIATE PROFESSOR of 
NEUROBIOLOGY 
Developmental Neurobiology Program 
Institute of Molecular Medicine and Genetics 
Medical College of Georgia 

The Medical College of Georgia (MCG) invites 
applications for tenure-track Astant or Asocate 
Professor positions in the Program in Devclopmen- 
tal Neurobiology, Institute of Molecular Medicine 
and Genetics. Candidates should have Ph.D. or 
M.D, postdoctoral experience, and potential to de: 
velop’ or maintain a strong extramarally funded re 
search program in developmental or regenerative 
neurobiology, The MCG is a growing state 
supported academic medial center located ina 
historic city with outstanding recreational and life 
syle opportunities, Interested applicants should 
submit curriculum vitae, a statement of research in 
terests, and future plans, and should amange for 
three letters of reference to: Dr. Lin Mei, c/o 
Deenie Cerasuolo (e-mail: dcerasuo@mcg eda). 
Applications will be received until the position ts 

xl, Please reference ACH numbers 49384 and/or 
49385 when applying. Lut! Employment Opportinty 
‘Affimative Aonon Lud Acris Employer. 


1444 


‘CARDIOLOGY RESEARCH INSTRUCTOR 
ASSISTANT PROFESSOR, 
Virginia Commonwealth University Medical Center 
Division of Cardiology 
‘Medical College of Virginia Physicians 
Richmond, Virginia 

ASSISTANT PROFESSOR. Rescarch faculty 
member is sought for continved expansion of the 
Virginia Commonwealth University (VEU) Pauley 
Heart Center of Virginia Commonwealth Us 
ty. The VCU Pauley Heart Center isa regi 
ferral ccater with 3 reputation for excel 
routine, as well as complex paticnt management 
The Heart Center's faculty are leaders in diagnostics, 
interventional cardiology, caniovascular research, 
and caniac surgery. Expanding cardisc scroices is 3 
Key strategic initiative of the VCU Health System, 

RESEARCH INSTRUCTOR. VCU Health 
System is seeking to expand science and research in 
‘molecular cardiology. The position will devote 100 
percent to research endeavor. We are secking can 
tdidates with experience working in the laboratory 
{3 a postdoctoral fellow. A Ph.D. in scicnce i 


‘iculum vitae to: 


George W. Vetrovec, M.D. 
Chairman, Division of Cardiology 
Department of Internal Medicine 
Virginia Commonwealth University 
P.O. Box 980036 
Richmond, VA 23298 
‘Telephone; 804-628-1215, fax: 804-828-8321 
E-mail: gretrove@hsc.veu.ed 
Vinginia Commonuahh Univenty ir an Affirmative 
Acton, Ful OpportonityEimployer.. Ween, minority, 
dnd person with dass ave emsonaed 0 ap 


The Departcat of Anatomy and Newobioony 
at the Vigunia Commonwealth University School 
OF Medici lovics sppictlion fort temic race 
postion a the ASSISTANT PROFESSOR Ieel 
T20080)" Appeanss should have a PhDs Witt 
Sipnidcam poendoctorl roscarch expericnce aod 
prodoctvis The Meal candiae staid have 
Search imceas tat focus on the developer and 
Dist ofthe marunaion voualsynee’Socental 
Eciaks re eapeccd wo shea er minal at 
Sctemullyfindedrxcrch program and to par 
perso gue or prodecetalwaching cos 
freon Shh ther wea ef capes, Lesa 
‘Gress shoul suber ck ccala vitae 4 
Keer often inciog caver pole mares, 
Mdircocycephone monbors Gx nombers, sod 
Smal adinces of tree peterchcee. ecto 
fniaions to eats wnoercrak@reueda ape 
fered. For maisng contact: Dr.John Bighes, Cha, 
Faculty Search. Committe, Virginia Common 
serait University Departmen Of Anson sod 
Neurobiology, P-O. Box 980709, Richmond, VA. 
25298709. aloe for nec of appa will 
ie apn 1, 2007 

‘ema Commramath Unie in Ep npr 
ait Aponae dos Engi Woe, iad 
roves tah dents or eked ag 


The Department of Land Resources and Envi 
‘mental Scicna:s at Montana State University secks a 
talented and enthusastic individual for a TENURE- 
TRACK FACULTY position who will provide lead- 
cership in the Department's research and teaching 
[programs related to geospatial analysis. The candi 
{late should have research traning in the integration 
DoF geographic information system and other spatial 
analysis approaches within the natural resources/ 
‘environmental sciences Sickls. The fill penition an 
hnouncement and application instructions are at 
‘website: http: //www.montana.cdu/level2 /jobs. 
hhuml. Scrcening will begin April 23, 2007, and con- 
‘nue untila suitable applicant is found. Montana Ste 
Univenity & am Egual Opporaity Employer, ADA 

Affirmative Action Veter's Prefroe 


What’s 
your 
next 
career 
move? 


Get help 
from the 
experts. 


wwwsciencecareers.org 


Job Postings 
Job Alerts 


Resume/CV 
Database 


* Career Advice 
from Next Wave 


* Career Forum 


* Graduate 
Programs 


Meetings and 
Announcements 


ScienceCareers.org, 
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FERENCE 


February 7-9, 2008 


Department of Cardiology 


M.D. Anderson Cancer Center 
Houston, Texas 


Organized by Edward T.H. Yeh 
Introduction by John Mendelsohn 


Meeting Enrollment Begins July 1, 2007 


For more information visit: 
www-.sentrin.org 


THEWNIVESIYORTERS 


RSON 
CANCER CENTER 
Making Cuncer History” 


Fourth International Conference 
Ubiquitin, Ubiquitin-Like Proteins, and Cancer 


Confirmed Speakers 

James Chen Tony Hunter Kim Orth 

Zhu Chen Stefan Jentsch Michele Pagano 
Jinke Cheng Hsing Jien Kung Cam Patterson 
‘Aaron Ciechanover Beth Levine Frank J. Rauscher, Ill 
Mary Dasso Christopher D. Lima Ze'ev Ronai 
Hugues de Thé Leroy F. Liu Hisato Saitoh 

Anne Dejean Bruno Martoglio Brenda A. Schulman 
George N. DeMartino Michael Matunis Hsiu-Ming Shih 

Wan Dikic R John Mayer Aji Shilatifard 

Grace Gill Frauke Melchior William P. Tansey 
Ronald T. Hay Shigeki Miyamoto Keith D. Wikinson 
‘Avram Hershko Michael Ohh Yue Xiong 
Mien-Chie Hung Bert O'Malley Yangping Zhang 


Ubiquitin * Ubiquitin-like Proteins * Cancer 


Celsense 


Requirements include: a Ph.D. in biological 
sciences or a related field with atleast. 
of bench Ré 


smmunicate results in 
concise manner verbally and in writing: record 
of scientific achievement as documented by 


ions, Scientific 


peer-reviewed journal publi 
project man: 
Some travel is required. Celsense offers 


ment experience is preferred 


petitive compensation and benefits pac 


Interested candidates should send a resume 
CV t0: 


Charles F.0°Hanlon 
President and CEO, Celsense, Inc. 
100 Technology Drive, Suite 400 
Pittsburgh, PA 15219 USA 


SUMMER SCHOOL 


K, The Baltic Summer School 2007 


‘INFLAMMATION: A Key to Common Complex diseases’ 
Organized by the Facuity Members ofthe Batic Summer Schoo 


coordinators Prot. Rika 


Theoretical Course 
2-13 September, 2007 
University of Lund, Sweden 


Worawde exerts wi preset ecu 
ledge 

+ Evoton and Ontogeny of ntammatory 
Response 

* The tama Syrome ia Man and Animal 
Models or Human intarmatory Dssases 

+ Gonete Approaches on Human ntareratry 
Oiseases 

+ Maricking Human Daseases sng Genet A> 
‘roaches on Animals 

‘inate and Ada Immunity and tameatcy 
Efecor Mechanisms 

aol ee 
Therapeutc Treatment Sratogies and Targets for 
Infanmatory Dseases 

The Honorary Lecture wl be given by Pro. Shimon 
Sakaguchi on Regulatory T cels. jnvted speakers 
wil partopate n panel éscussons Course pari 
ant are expected to present posters on thes work 


Application deadline: 
Programme and application details at: 


Email 


Holmdahl and Dr Bo Nison, University Lund 


Laboratory Course 
17-21 Seplember, 2007 
Universities of Lund, Kiel and Copenhagen 


(Open to 20 ofthe young scentsts paticpating in tho 
theoretical cours, which have been salcted for a 
BSS 2007-stpend. The participants wil join on-going 
esearch projects covering the modem methodological 
‘aspects on intammatory reasearch 


Baltic Summer Schoo! Stipends 
The Batic Summer Schools supported by the EU un- 
er the Marie Cure Program which has a special focus 
‘on young scents wth research experience athe lato 
phase of ther PhO studies as wol as at the medical 
speci or post-doc levels or an equivalent academic 
traning). Spends are avaiable for many particpants. 
For further infomation soe BSS homepage, 

The meeting wil also be open for a numberof pace 
pants that do not receive 3 BSS-stpond. 


Participation fe: Theoretical Course 250 Euro 


‘Sunday, April 22, 2007 


www.balticsummerschoo! 
i: bss@balticsummerschool.net 
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POSITIONS OPEN 


POSTDOCTORAL POSITION 
Germiline Stem Cells 

Studies involve culture, differentiation, and 

aene activity of male germline stem cxlls. See 


Proc. Natl. Acad. Si. 1OL:16489, 2004 and 


rnc. Nail. Acad. Sci. 10395; 
curiculum vitae, names of three references, 
nd a letter describing, rescarch experience to 
R. L, Brinster, School of Veterinary Med. 
icine, University of Pennsylvania. E-mail: 
cpope@vetupenn.edi. 


COMPUTATIONAL CELL BIOLOGY 
at Virginia Tech 

A POSTDOCTORAL POSITION is available 
immediately to conduct rescarch in the arca of ew: 
karyotic cell cycle regulation in collaboration with 
Professor John Tyson (website: http://mpf-biol. 
‘veedu), The work involves modeling molecular reg 
tlatory pathways using nonlinear ordinary differen 
tial equations, Candidates must have a Ph.D. in 
relevant diseipline, peer-reviewed publications, and 3 

id in mathematical modeli 

ion oF to view a complete job de 
nn, go to Website: hetp:/ /www,jobs.vteds, 
1g umber 070074. Interested candidates 
Submit an online application and attach cur 
n vitae, bibliography, statement of carcer 
fand the names and contact information of 
three references, Individuals with disablitics desiring 
accommodation in the application process should 
hotly the Office for Equal Opportunity, tele: 
phone: §40:231-7500. Review of applicants will 
Begin on 26 March 2007. Questions about this 
search ean be directed to Joh Tyson, telephone: 
840-231-4662. Viqinis Tesh is wn Lpal Opporinaty 
Afiatve Action bun 


The Midwest Regional Center for Esc in 
Biodome and Hanergng Infectious Dace Re 
sexch (MRCE) inves apphatons fran NIH/ 
NIAtb-tinded POSTDOCTORAL FELLOW. 
SHIP in BIOSAFETY, The Felvsbip wil rove 
linterna tay wah 
Sn manage sect agent supervised yD. Jo 
anabrockt at Washington Unneraty i St Li 
Upon completion ofthe program, the Fellow wil he 
ale to estab and superse biosfery programs in 
vary of scale, isa 360 gonernmnt 
‘cungs Heowsips requ an ALD, PD. DNA, 
‘rather metal orcad peokwona dye, pref 
rable scence Tneterence wil be gen toca 
Aidt cuendy afted with 2 Reqion VIl (lows, 
Kars, Mist, Ohio, and Nera) insti 

Pellw mut be aU citeen. For more infra 
Yin wonactSeott Handley st telephone: 314. 
386.0192 or at emall: shandlceid.wuntedu. For 
more infrmation about the MRCE and the Bena 
Fellowship progr, please Mist website: hepe/7 
mrceswusted 


RESEARCH ASSOCIATES/ 
POSTDOCTORAL FELLOWSHIPS 

Two Postdoctoral positions are available in the 
laboratory of Dr. Shunbin Xu 3¢ the Department of 
Ophthalmology, Rush University Medical Center in 
Chicago to stud the function of microRNAG in ret 
nal stem cells, retinal development and diseases 
Highly motivated candidates are encouraged to ap- 
ply. A M.D. and/or Ph.D. in neurobiology oF mo: 
Kecular biology and genetics are required. Strong, 
background on mokcular genetics and. bioinfor 
matics is preferred. Qualified candxlates should send 
a statement of research interest, curiculum vitae, ant 
thrse rk 
Ophthatmology/Neurological Sciences, Rush 
University Medical Center, 1735 West Harrison 
Street, Suite 318, Chicago, IL 60612. 


1446 


9 MARCH 2007 VOL 315 SCIENCE 


STAFF ASSOCIATE 

Candidate wil lead and condce mocubr and 
tinformatie anais cxpermente designed to 
feslve the tics of dos Ysacrase and rocoptor 
advanced ghestion cndproducts (RAGE) in 
pert fale ad apoprose model tn the caio 
nnyocte, Canidae wll be roponsible fora range of 
{Cahenqocs with nich he/she wil be bight 
tral abe ro work on an dependent Bt. Duis 
trl iolne co cokiwe, mecca soc cola bn 
Sayers Oris tcqpecd dat wcetafel neice be 
fay point In RNA/DNA manip, sb 
Slonigg, PCR. leatophoress, and molecelar don 

ingh sal anahs of the frocicmal pathways a0 
cules link vo apopron, non, 3p 
mus have extensne esprcnce and tain 
aerate i onkr tobe able to cary Out 
cal amalps ofa wide aay of pence and pene 
=. Since thas work inches tn vo. exer 
fecveaion, spylcane mt have some epetcns 
comes microgey, Re come, bectproned i 
fale roots ta renac ore Asc, 
he/she wil perform exer ret Sis ncceary 
fenetoning of the boratry, racarch projet 
trork unt a asigned T's Capea thar the Sic 
“sf anda wl able wo perform each of the 
Sore duces icepentonty and pore faci 
the pina resign om Sly Tos, Ca 
ime haw a docroa depres and have at kt fe 
Years of experience sexe incaing expen tt 
{Sch of these sea In ation, 2 degiee in bo 
inrmas and compurcr scene Highly denied 
Plenc submit all rues to Karen M, Erans, Div 
sion of Surgical Science, Department of Sarpy, 
aes of Piya and Saroons Cai 
hersity, 630 West lofth Sweet, New York, 

NY'Tooad. 

bu ple Oppo 


Afimatire Action 


POSTDOCTORAL FELLOW 
Tmmunology 

A Postdoctoral Fellow pesition is aailable for work 
fon NiFLfunded projects studying human immune 
responses. These profets will inchide clinical studies 
‘on paticit samples, 38 well as basic studics on the 
Imechanvams of illerent 
sets, and their contribs 
The University of Ro 
highly interactive environment with excelicnt collab 

ations between basic and clinical scientists. Esecl 
lent fiiltics include strong flow atometry and cell 
sorting capabilites, vompatce moxcling of immune 
responses, sophisticated image analysis of fluorescent 
images including Fluorpot asaya, and the wippeet 
fof the Human Immunology Center with standard 
‘operating procedures and innovative methods, Cur 
Fulum vite to: Dr. Tim Mosmann, Director, 
David H. Smith Center for Vaccine Biology and 
Immunology, University of Rochester, 601 Elm: 
‘wood Avenue, P.O. Box 609, Rochester, NY 14642. 

The Univenity of Recher an Espa Opportinaty 


saplger. 


‘of human T cell 


Six POSTDOCTORAL POSITIONS available 
at the Hormel Insitute, University of Minnesota, 
Austin, Minnesota, to study signal transduction in 
tumor promotion, chemoprevention and carly 
development (sce teview articles: Science's STKE, 
ret, 2005; Progras in Nucleic Acid Research and 


view Cancer 4: 793-80: 
2003). We are scckin 
experience in bioche 
biology specialising in one of three ‘cat 
follows: (1) Signal transduction, functional genomics, 
modek such as mouse transgenic /knockout, Xenopus, 
zebrafish; (2) Proteomics, protein crystallization, 
Sray crystallography and structure refinement; (3) 
Stem cell, If interested, please apply online at the 
University of Minnesota employment homepage 
website: hurp://www:sumn.edu/ohe employment 
nd refer to Fequisiion number 146599 when enter 
ig curriculum sitac and names of references, These 
postions will be open until qualified candidates are 
found. The Unixy of Minneous i commited 10 the 
ply thar all persons shal hae equal its psn, 
Fates, and cpl ago rie, kr, re 
reign, mato sek ae, marital say, diy 


POSTDOCTORAL POSITIONS 
Prostate Cancer 
cellent opportunity for career development to 
Instructor and Junior Faculty Appointment. The 
position will study the development and growth of 
Prostate cancer using mouse and tissue culture 
model. Focus will be on the role of the Pim protein 
kinase and regulation of TOR, Individuals should have 
4 strong background in molecular biology, protein 
‘chemistry, and/or tranygenic mouse model, Forwant 


turiculim vite and the name of three references to 
‘Andrew S. Kraft M.D,, Director Hollings Cancer 
Center, 86 Johnathan Lucas Street, P.O. Box 


250055, Charleston, SC 29425, E-mail: hecjobs@® 
imusc.edu, Please reference ad number 


SOCIATE to supp related to. quality 
assurance, performance improvement, an research i 
the Cardiothorac Surgery Division's adult, peat, 
and heart source network. Minimum requirements 
ude strong dinial knowledge in cardiothoracic 
sg es that ean improve the dat 
collection process, and base programming. skills 
Send curricilum vitae and cover letter to Larry Bilis, 
I W724@columbia.ed, 1 se a -irmaine 


fl More scientists agree —we 
are the most useful website. 


POSTDOCTORAL POSITION to study mito- 
chondrial dysfunction in ncurodegeneration using 
time-lapse microscopy. Success applicants have 3 
recent Ph.D./M.D. witha strong publication recon 
Experience in cell biology, neuroscience, biochem 
istry, image anahses (Metamorph), oF clectrophyst 
logy’ is required. Send curnculum to: De. Ella 
Bossy-Wetzel, Biomedical Science Center, Univer: 
sity of Central Florida, 4000 Central Florida, FL 
32816, E-mail: chossywe@mail-ucf.edu. 


POSTDOCTORAL POSITION to study m0- 
Iccubr mechanisms of myeloid differentiation. Prior 
‘expericnce im production /analyas of tranegenic mice 
‘or craluation of myclopotesis preferred. Espertise in 
molecular biology will be helpful. Send curricalum, 

tac and names of thece references to: Dr. Daniel 
Johnson, Hillman Cancer Center, Room 2.18c, 
University of Pitsburgh, 5117 Centre Avenue, 
Pittsburgh, PA 15213, E-mail: johnsond@pitt.cdu, 


Oligo Synthesis Reagents 


pascal CPS Suppor __ 
iy s, Spacers, & Modifiers 


Bulk Reagent Pricing Available 
BIOSEARCH +1,800.GENOME.1 


wo btisynthesis.com 


Usrot#5496,147 email obpeps 


Tre00s383«8362 


Cl Ab Peptides 
Fox 314896000988 


www sciencecareers.org 


(Ghocy Merwe Fisher Scienticioc Al sighs reserve. Al tademarts 
ae the property of Therma Fisher Scenic Ine. anos subs 


Reuse. Recycle. Restore. 


Restore™ Western Blot Stripping Buffers efficiently strip your antibody and let you recycle your Western blots 


CompetiorA —Compathor 


Highlights: 


* No need to rerun gels; reprobe the membrane using the same i a a eae 
target sample 


* Provides more efficient removal than “home-brew” buffers Seipped _— we 
* Does not damage target protein after stripping and reprobing 


* Odor-free pres 

* Less expensive than competing stripping buffers - 
Reprobing with different antibodies 
Hela cell lysate was probed for actin and 
detected with Pierce ECL Substrate (Original 
panel). Blots were then stripped with either 
Restore Plus Stripping Buffer or competitive 
stripping buffers (Stripped panel). The blots 

Lear more today. were then re-blocked and reprobed for 

cyclophilin 8 and detected with Pierce ECL 


Visit www.piercenet.com restore3, email Pierce.CS@thermofisher.com 
P / 3 @ Substrate (Reprobed panel) 


or call 800-874-3723 oF 815-968-0747. 


Thermo 


Part of Thermo Fisher Scientific SCIENTIFIC 


‘R&D Systems Proteome Profiler” Arrays 
Simultaneously detect multiple proteins in a single sample. 


R&D Systems offers 
these Array Kits: HRP-labeled streptavidin 


Human Cytokine protein 
iy nie Pane A = » 
b Helander iw detection substrate 


Array Kit 
- Human Phospho- 


Mitogen-Activated 
Protein Kinase Proteome Profiler Arrays enable the measurement of the relative levels of phosphorylation 
(MAPK) Array Kit or abundance of multiple proteins in a single serum, plasma, or cell culture supernatant 
sample, Proteome Profiler kits contain buffers, detection antibodies, and membranes 
R Ha 5 spotted in duplicate with capture antibodies carefully selected for their specificity, And 
Phospho with chemiluminescent detection, no specialized equipment is necessary. 


frre ray 


cytokine 
Us. canada 
RAD Systems ne Sample data for R&D Systems Human Cytokine Array, Panel A demonstrating high-throughput 
tet (00) 303.7075 multi-analyte profiling of 36 cytokines, chemokines, and acute phase proteins in a single sample of 


Infoe05ytems.com PBMC supernatant. 


europe 
[RAD Sytem Europe Ltd 
Tek: 644 (01235529849 
InfooReD5temscnuk 


For more information visit our website at www.RnDSystems.com/go/ProteomeProfi 


pire n amin 
Farmnachor oy Rte presi prctons 


Selection expanding weekly—visit www.RnDSystems.com & 
to sign up for weekly new product updates. KD 


